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ABSTRACT 

Organic photovoltaics (OPVs) based on conjugated polymers and fullerene 

derivatives offer a great potential as an economically and environmentally friendly 

technology to utilize solar energy because of their simple fabrication processes and 

minimal material usage. They have gathered momentum over the last two decades 

primarily due to the significant advances in this field. The research described in the body 

of this dissertation aims to investigate the use of new materials and deposition techniques 

in the fabrication of organic photovoltaics. There has been a roadblock in the designing 

of novel OPV architectures primarily due to the use of brittle ITO which imposes a limit 

to the flexibility of the OPV.  The use of thin metal films such as silver and gold is shown 

to be viable alternative to ITO with improved mechanical properties. Another great 

advantage of organic semiconductors is their solution-processability which allows inkjet-

printing of the polymers for low-waste deposition on large and flexible substrates. In this 

work, inkjet-printing is developed as a viable deposition technique for the active layer, 

the effect of relevant parameters on the opto-electronic properties of the active layer is 

investigated. Finally, the results are incorporated and the new deposition technique with 

optimized parameters in combination with a thin metallic anode is applied to the 

fabrication of devices using the standard photo-active layer representing an important 

step in the manufacture of fully printed, flexible OPVs. 
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1. Introduction 

1.1 Motivation for Developing Renewable Energy Alternatives  

The incredible rise in energy demand across the globe is one of the greatest 

problems facing society as emerging economies. Depleting natural resources 

(notwithstanding the issues with fracking) give rise to a desire to more towards cleaner 

energy resources. It has been reported in the International Energy Outlook (IEO) 2011 

Reference case: ‘world marketed energy consumption has grown by 53 percent from 

2008 to 2035, without incorporating prospective legislation or policies that might affect 

energy markets’. Total world energy use rises from 505 quadrillion British thermal units 

(Btu) in 2008 to 770 quadrillion Btu in 2035 (Figure 1.1) [1]. It indicates that for 

countries outside the Organization for Economic Cooperation and Development (non-

OECD nations) the energy use will increase by 85 percent, as compared with an increase 

of 18 percent for the OECD economies. This demand is driven by strong long-term 

economic growth in the non-OECD countries. The OECD countries slower increase of 

energy demand stems from the fact that their energy markets are well established and 

consumption patterns are mature. 
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Figure 1.1 World energy consumption (quadrillion Btu), 1990-2035. Adapted from [1].  

According to the US Energy Information Administration (EIA), fossil fuels meet 

around 82 percent [2] of US energy demand, with petroleum, natural gas, coal at 36.6 

percent, 28 percent and 17 percent, respectively. 

 

Figure 1.2 US Energy Consumption by Source in 2012. Adapted from Table 1.2 [2]. 
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This heavy reliance on fossil fuels comes at a serious price and there are a number 

of problems associated with fossil fuels, most of which stem from the by-products created 

when they are burned to create energy. Global warming emissions resulting from energy 

production are a serious environmental problem. Largely because of coal and petroleum 

combustion, the amount of carbon dioxide and nitrous oxide in the air today are thirty-

nine percent and nineteen percent higher, respectively, than they were before the 

industrial era [3]. In an effort to resolve this issue the Kyoto Protocol, an international 

agreement linked to the United Nations Framework Convention on Climate Change, was 

adopted by 37 industrialized countries and the European community in 1997 and 

subsequently was entered into force from 2005. It sought to avert the catastrophic 

consequences predicted with allowing emission levels to rise unchecked by setting 

binding obligations for the members to reduce their emissions of greenhouse gases [4, 5].  

The Kyoto Protocol is so far the only international agreement that calls for action 

to reduce emissions of CO2. However, the effectiveness of the protocol is dubious, 

especially since it failed to include some of the largest contributors of CO2 emissions. 

The US, largest producer of greenhouse gases, producing 20% of the world’s total, has no 

intention of ratifying the protocol and under-developed countries such as India and 

China, who also have significant CO2 contribution are not obligated to reduce emissions. 

The global economic downturn has also lead to resistance even among member countries 

as they fear adherence to the guidelines might cost them their economic advantage. The 

first commitment period of the protocol will end in 2013 and, unfortunately a new 

international framework has yet to be fully negotiated. This further underlines the fact 
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that the only feasible solution to reduce greenhouse gas emissions is by developing 

inexpensive renewable technologies that can compete economically with fossil fuels. 

Another primary energy source is radioactive uranium, fueling nuclear plants through 

nuclear fission. While nuclear plants emit no greenhouse gases, issues related to plant 

safety, radioactive waste disposal, and proliferation of nuclear materials continue to raise 

public concerns and may hinder expansion of nuclear power programs. Germany, 

Switzerland, and Italy have already announced plans to phase out or cancel all their 

existing and future nuclear reactors [6].  

 

Figure 1.3 2011 Equivalent (tons of oil) energy consumption per capita [7]. 

Growth, prosperity and rising population will inevitably push up energy needs 

over the coming decades. The world use of energy per capita (tons of oil equivalent) is 

shown in Figure 1.3 [7].  
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Indeed, consumption of electricity is interlinked with the standard of living, 

within reasonable limits. Over 60 nations were analyzed which includes over 90% of the 

Earth’s population and a strong correlation was found between the human development 

Index (HDI), a measure of basic human well-being used by the United Nations, and the 

annual per capita electricity use (Figure 1.4).  It is evident that once the developing 

nations begin to mirror the high consumption pattern of the industrialized nations, the 

demand for energy will approach unprecedented levels and would lead to unbearable 

stresses both in materials and energy.  

 

Figure 1.4 Human development index (HDI) versus per capita kW usage in year 2000 [8]. 
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The issue of energy security has also gained increased media attention.  The uneven 

distribution of energy supplies among countries has led to significant vulnerabilities in 

today’s world where the access to cheap energy is essential for successful economies. 

The turmoil and volatility in parts of Middle East and North Africa, the Fukushima 

nuclear accident, record high levels of greenhouse gases, and unprecedented increase in 

energy demand, all underscore the urgency to traditional energy sources with a safe, 

sustainable and locally accessible alternative. Renewable energies, and in particular 

photovoltaics, are the only clear solution to these issues. It offers the possibility of a long-

term source of electricity based on environmentally safe materials without any pollution 

or the safety concerns.  

1.2 Photovoltaic Technology 

A Photovoltaic (PV) device is an electronic system that generates electrical power 

using semiconductors to convert incident solar radiation into direct current (DC) 

electricity via the photoelectric effect. The simplified working of solar cells is as follows: 

when photons from solar radiation are incident on the semiconductors, the photons 

having energy greater than a threshold value lead to the excitation of electrons from the 

valence band to the conduction band, i.e. the electron becomes free and can move 

through the material conducting electricity. Photons with energy less than the threshold 

value fail to excite free electrons; instead, that energy is absorbed as heat. Indeed, solar 

cells in direct sunlight can be slightly warmer (20–30°C) than the ambient air 

temperature. PV technology has some salient characteristics, such as it does not require 
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any moving parts (no wear and tear) or any high temperatures for its operation and also it 

does not generate any harmful emissions or waste products. All these factors underscore 

their safe and reliable operation. For practical applications, a certain number of solar cells 

are interconnected and encapsulated into units called PV modules.  

Most of the solar modules today in the market today are made of crystalline silicon 

(c-Si) solar cells, either as single or multi-crystalline wafers or ribbons, and is responsible 

for almost 90% of worldwide PV production. This global dominance has been a 

cumulative consequence of the following key factors. Firstly, Si cell technology has 

benefitted from the already well-established knowledge base of Si, already developed for 

the microelectronics industry that is also based on Si. In addition, the silicon band gap, of 

1.1 eV, is almost optimal for solar spectrum absorption and is able to absorb wavelengths 

from 400 nm to 1100 nm [9]. Finally, Si is very abundant, being the second-most 

abundant element by weight in the Earth's crust (after oxygen) and Si solar cells are very 

stable, even without encapsulation. However, Si still has some drawbacks. It is brittle and 

lacks mechanical stability which limits its applications. In addition, its absorption  

coefficient is low, so light is poorly absorbed, requiring relatively thick cells. A direct 

result of its optical limitation is that a high grade of Si with high chemical purity and 

structural perfection is required to prevent recombination losses, pushing up costs of 

silicon solar cells. In the United States and Europe, the current cost of 1 kWh of energy 

from a concentrated solar power plant is about $ 0.14 and that from small or medium-

scale solar installations, such as those on homes or businesses, is around $ 0.30 [10, 11]. 
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This is two to five times higher than the cost of 1 kWh of energy delivered from 

traditional sources (thermal and nuclear power plants). 

Thin film solar cells (TFSC) were developed as a solution to the prohibitive high 

costs of Si cells which arises mainly from the expensive silicon wafers, accounting for 

above 50% of total module manufacturing cost. By replacing wafers by thin-films of 

direct-gap semiconductors deposited on a cheap large-area substrate (glass, metal foil, 

plastic), TFSC offered a revolutionary way of reducing the cost structure. Present TSFC 

technology represents about 10% of the global market and comprises of thin-film 

modules are based on amorphous silicon (a-Si) and the chalcogenide compounds such as 

cadmium telluride (CdTe), copper indium gallium diselenide (CIGS) or copper indium 

diselenide or disulphide (CIS). The main issue with CdTe modules relates to the use of 

cadmium, a toxic material. CIS and CIGS technology have demonstrated high 

efficiencies (19.9 % efficiency demonstrated for small cells in laboratory conditions 

[12]), but has proved difficult to commercialize. The current device architecture requires 

the use of a thin layer of CdS, which brings up toxicity issues associated with cadmium.  

Considerable research has been dedicated in replacing this layer. Nevertheless, this 

technology is plagued by a more serious, long-term issue of limited Indium resources. 

While significant industrial and government-sponsored research and resources are being 

directed at this technology, the efficiency of TFSC modules is still 25–50% lower than 

for Si modules which makes the translation of the low cost per m2 of TFSC modules to 

cost per kWh a complicated process. 
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The relatively high cost per watt of inorganic photovoltaics places the emerging 

technologies of OPVs as the focal point of research as the next PV technology. There is 

currently a call by the Department of Energy (DOE) to reduce the cost of solar energy 

generation by 75% levels 2009. While thin film solar technology such as CdSe are being 

quoted as costing less than 70 cents/Watt, they are less efficient solar cells than silicon so 

there is a real estate cost to be added to solar power generated from those cells. Currently 

Silicon is at $1/Watt, but for either to reach between 15-25 cents/Watt which is required 

(that then competes with power generated from coal/nuclear), the material costs are just 

to prohibitive. Another solution is required, and while 30 years of research has being 

carried out on OPV’s, the champion cells that are made from them are now being 

recognized as a real possible alternative to achieve the US solar goals. Organic 

conjugated semiconducting materials with the potential for very low cost large scale 

industrial production are the next logical material of choice for solar energy generation. 

The ease of processing of these solution-processable materials allows the use high 

throughput, low temperature fabrication techniques, making the prospect of a continuous 

roll-to-roll fabrication method very probable. The other advantages of organic 

semiconductor devices over conventional inorganic semiconductors include the 

material’s tunability to achieve optimum opto-electronic properties and high optical 

absorption coefficients, which offer the possibility for the production of very thin, 

lightweight and flexible solar cells making the structure far more versatile than 

conventional silicon solar cells. This possibility of using plastic substrates in an easily 

scalable high-speed fabrication process can reduce the balance of system cost for organic 
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PVs, resulting in a shorter energetic pay-back time. With such advantages, OPVs will not 

only be able to penetrate existing markets, but will also create new ones based on their 

unique characteristics.  The OPV market today is worth $4.6 million and with the 

exponentially rising demand the projected market is $630 million in 2022 [13].  

1.3 Organic Photovoltaic Technologies 

Organic molecules have the potential to increase efficiency and significantly reduce 

the cost per watt for photovoltaics. However, there are significant issues to overcome 

before the next generation of organic photovoltaics can mature to a competitive and 

viable option in comparison to other energy generation systems. First of all, the crucial 

efficiency value; OPVs are still inferior to all inorganic counterparts. Assuming the cost 

for the manufacture processes and materials for OPVs will be much less than crystalline 

silicon solar cells and in order to lower the costs per watt-peak for OPVs to be 

competitive, a milestone of 10% PCE of manufactured cells is still needed [14]. In the 

last two years, researchers made great strides and in 2011, a landmark milestone was 

reached with 9.2% efficiency (unstabilized) reported for a 1 cm2 device fabricated by 

Mitsubishi Chemical [15]. Meanwhile, three other companies—Konarka Technologies 

(now bankrupt after almost a decade of promising high efficiency OPV’s – lesson in 

itself), Solarmer Energy Inc., and Heliatek—have also reported cell efficiencies greater 

than 8% [15]. The dynamic research in this area to find suitable materials is aided by the 

fact that for semiconducting conjugated polymers there are endless combinations that 

could possibly be used as potential photoactive layers [16]. Details about materials for 
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OPVs, device optimization, and the overall working principles of OPVs techniques, are 

not dealt with, but interested readers can find information in excellent papers and reviews 

previously published [14, 17-22]. Each material used to fabricate the device has to be 

chosen such that the opto-electronic properties are complementary to each other for 

maximum performance. Indium tin oxide (ITO) has become a significant electrode 

material in the OPV field due to its impressive optical transparency and near metallic 

conductivity. However, its brittleness, stability issues when used with acidic 

PEDOT:PSS, a widely used hole transport layer, and limited quantities which raises 

concerns about long-term viability makes it imperative that alternative replacements 

materials are found. 

Interest in organic solar cells stems primarily from the promise of ease of processing. 

The goal is to employ conventional processing steps, such as roll-to-roll processing, 

doctor-blading and printing to make large-area, inexpensive organic solar cells on flexible 

substrates. However, processing technologies for mass production is an area which is 

neglected by the majority of researchers. State-of-the-art OPVs with high efficiencies are 

typically fabricated following a complex procedure utilizing many different processing 

techniques under controlled environment of research laboratories. Indeed, the 

conventional deposition technique, spin-coating, is not suitable for mass production. A 

very flexible method for film deposition is inkjet-printing. This technique is very 

amenable to up-scaling for large-area and low-cost mass, high throughput production. A 

throughput of 50 m2/s can be achieved [23]. In this process, solution droplets are ejected 

onto the substrate and they coalesce to form a film. The minimum layer thicknesses of the 
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film produced are in the range of nanometers, thus sufficiently thin for producing organic 

solar cells. However, there has been very little systematic work to understand the how 

different factors affect the morphology of inkjet-printed (IJP) films, and how these 

correlate with OPV device performance. 

In this dissertation, we present research progress focusing on developing a plastic 

photovoltaic with a true potential for mass development. Viability and stability issues 

arising out of the use of ITO are tackled by investigating new and viable alternatives. 

Inkjet-printing techniques are studied from the point of view of application to thin film 

OPVs. The effect of different parameters on the electrical and optical properties of IJP 

polymer films in correlation with the device performance is investigated. The goal is the 

better understanding of the inkjet-printing process of polymers for OPVs and to optimize 

the printing conditions for optimum device performance. 

1.4 Dissertation Structure 

The subsequent chapters of this dissertation are devoted to the exploration of the 

materials and architectural modifications of OPVs. The dissertation is structured and 

summarized below: 

 

Chapter 2: Theoretical Background: Charge Transport, Organic Photovoltaic Devices, 

and Optical Processes 

The focus of this chapter is to introduce the theory behind the materials used in 

the fabrication of OPVs and to detail the important processes required for their operation 
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and characterization. This chapter describes the processes behind conductivity in organic 

materials with a focus on charge transport through hopping. Standard OPV device 

architecture is introduced and their subsequent electrical and optical characterizations are 

detailed. 

 

Chapter 3: Inkjet-printing Technology  

This chapter gives an overview of the inkjet-printing technology, detailing the 

relevance of this technology in the present micro-electronics industry. Theory of the 

printing process is presented with the supporting mathematical framework. Also included 

in this chapter is a description of the inkjet-printing apparatus and the experimental 

procedures involved in the deposition of an IJP film.  

 

Chapter 4: Experimental Techniques, Materials Characterization, and Device 

Fabrication 

Experimental procedure and apparatus is detailed in this chapter including 

characterization of the materials discussed in this dissertation. The fabrication processes 

used in the building of organic photovoltaic devices are discussed along with a full 

description of the processes involved. Experimental setup for testing the organic 

photovoltaics is explained and illustrated. 

 

Chapter 5: Development of OPV Device with Thin Metal Films as Anode  
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The common issues observed when dealing with ITO are presented. Methods to 

modify the standard OPV device structure are detailed in terms of replacing ITO with 

metallic films. Electrical characterization of the fabricated OPV devices is given at the 

end of this chapter. 

 

Chapter 6: Effect of Printing Parameters and Annealing on OPV performance  

In this chapter, the film deposition process via inkjet-printing is detailed. Droplets 

from a low viscosity poly(3-hexylthiophene): phenyl-C61-butyric acid methyl ester 

(P3HT:PCBM) solution are ejected onto the substrate, where they coalesce to form the 

photo-active layer. The discussion is then focused on the how different factors affect the 

morphology of ijp films, and how these correlate with OPV device performance. 

 

Chapter 7: Fabrication of Inkjet-printed Organic Photovoltaics on Flexible Ag 

Electrode with Additives  

Modification of the IJP active layer with additive, 1, 6-hexanedithiol (HDT), is 

presented as an alternative to post-production treatment. A systematic study of the printed 

films using profilometry provides an understanding of how the modification of the film 

topography affects the device performance. By comparing the topographies of the films 

and characteristics of devices made with different concentrations of the additive, an 

insight of the film formation is obtained. This chapter also tackles the compound issues 

of stability, flexibility and processibilty by the replacing ITO by Ag and by depositing the 
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active layer using inkjet-printing. The fabrication process is detailed and discussion is 

then focused on the experimental results observed. 

  

Chapter 8: Summary and Conclusions 

This chapter gives a brief overview of the work presented in the dissertation. It is 

followed by a number of directions for further work and improvement of OPV devices. 
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2. Theoretical Background: Semiconductors, Charge Transport, 

Organic Photovoltaic Devices and Optical Processes 

2.1 Introduction 

The subject of this chapter consists of the physical principles underlying the 

operation of photovoltaics. In the beginning of this chapter, a brief review of the 

fundamental properties of semiconductors, organic materials and their properties is given. 

An overview of the relevant mechanisms of charge transport is described. This is 

followed by a section on organic photovoltaics where their operation and characterization 

is detailed. The electro-optical operations occurring in bulk heterojunction (BHJ) 

photovoltaics are discussed. The chapter is completed by a discussion of the relevant 

theory describing optical processes occurring in these materials and devices. 

2.2 Fundamental Properties of Semiconductors  

2.2.1 A brief overview 

A semiconductor is defined as a material that has electrical conductivity 

intermediate to that of a conductor and an insulator. Semiconductors such as silicon have 

a crystalline nature with their atoms aligned in a regular periodic array. Silicon, a 

common choice of semiconductor material for photovoltaics, is a group IV element in the 

periodic table and has four valence electrons. These four electrons are shared with the 

nearest neighbors to form covalent bonds, leaving no free electrons to conduct electric 
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current as shown in Figure 2.1 a. However, this is strictly true only at the absolute zero 

temperature. 

 
Figure 2.1 (a) A two-dimensional representation of a silicon crystal structure. (b) A simplistic 

diagram representing the breaking of a covalent bond creating a mobile electron (represented by the 

larger black circle) which leaves behind a void or a hole (represented by the open circle). The arrow 

represents movement of electrons and holes.  

Usually, even room temperature is sufficient to provide enough thermal energy to 

cause a small fraction of the covalent bonds to break, freeing some electrons. These free 

electrons can move around in the crystal and therefore can carry electrical currents. The 

void left behind by the electron is called a hole. It takes about 1.1 eV of energy to free a 

covalent electron to create a conduction electron and a hole for inorganic semiconductors. 

 
Figure 2.2 Schematic representation of (a) the discrete energy states of a Si atom and (b) the energy 

bands of a Si crystal. 
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While the bond model described is easy to understand, it is not sufficient for 

understanding semiconductor devices. The most useful model involves the concept of 

energy bands. The electrons in an atom occupy discrete energy levels as shown in Figure 

2.2 a. If two atoms are brought into close proximity, each energy level will split into two 

due to the Pauli Exclusion Principle. When many individual atoms are together as in a 

crystal, the discrete energy levels are replaced with bands of energy states separated by 

gaps between the bands as shown in Figure 2.2 b.  

In a semiconductor, between the totally filled lower and totally empty upper 

bands lie two bands that are only nearly filled and nearly empty as shown in Figure 2.2 b. 

Since the electronic properties of a semiconductor are dominated by the highest partially 

empty band and the lowest partially filled band, it is often sufficient to only consider 

those bands. The top mostly filled band is called the valence band and the lowest 

unfilled band is called the conduction band. The separation in energy between them is 

called the band gap which is a characteristic of all semiconductors. This leads to a 

simplified energy band diagram for semiconductors as shown in Figure 2.3. 

 

Figure 2.3 Simplified energy band diagram of a semiconductor. 
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It shows the top edge of the valence band, denoted by EV, and the bottom edge of 

the conduction band, denoted by EC. The difference between EC and EV is the bandgap 

energy or energy gap, EG. Clearly, EG = EC - EV. For silicon, the energy gap is about 1.1 

eV. The electrons in the valence band are those associated with the covalent bonds in the 

bond model, and the electrons in the conduction band are the conduction or mobile 

electrons. The band-gap energy has a strong influence on the characteristics and 

performance of optoelectronic devices.   

 

Figure 2.4 Simplified diagrams representing the energy band levels of (a) an insulator, (b) a 

semiconductor and (c) a conductor. 

Using the energy band model, we can now understand the differences among 

semiconductors, insulators, and conductors. The energy band diagrams for an insulator, 

intrinsic semiconductor and metal in the absence of an external potential is shown in 

Figure 2.4. Looking at insulators, the completely filled valence band is separated from the 

higher empty conduction band by a large energy gap as shown in Figure 2.4 a. No 

conduction is expected in this case. In semiconductors the energy band gap is smaller, 

such that thermally excited electrons can reach the conduction band leaving a nearly 
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filled valence band and a nearly empty conduction band as illustrated in Figure 2.4 b. 

Partially filled bands do contain electrons as well as available energy levels at slightly 

higher energies. These unoccupied energy levels enable carriers to gain energy when 

moving in an applied electric field. Electrons in a partially filled band are mobile and 

therefore do contribute to the electrical conductivity of the material. As depicted in 

Figure 2.4 c, in a conductor the filled valence overlaps with the empty conduction band, 

so that at least a fraction of the valence electrons can move through the material. The 

abundance of the mobile electrons makes the resistivity of a typical conductor much 

lower than that of semiconductors and insulators. A more detailed report is presented in 

the next section.  

2.2.2 Energy band structure 

The analysis of the periodic crystalline structure of the semiconductor is required 

to establish its electronic properties. An electron moving in a semiconductor material can 

be approximated by a particle in a three-dimensional box subjected to a periodic 

potential.  The solution of the time-independent Schrodinger equation 

 ∇2𝜓 +
2𝑚
ℏ2

[𝐸 − 𝑈(𝑟)]𝜓 = 0 (2.1)  

where 𝑚 is electron mass, ℏ is the reduced Planck constant, E is the energy of the 

electron and U(𝑟) is the periodic potential inside the semi-conductor, describes the 

dynamic behavior of the electron and defines the band structure. The electron wave 

function 𝜓 is in the form of Bloch function 
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 𝜓𝑛,𝑘�⃗ (𝑟) = 𝑢𝑛,𝑘�⃗ (𝑟)𝑒𝒊𝑘�⃗ .𝑟 (2.2)  

where 𝑘�⃗  is the wavevector, and n is the band index and numbers the energy bands 

corresponding to different solutions for a given wavevector. The plane wave 𝑒𝒊𝑘�⃗ .𝑟 is 

modulated by 𝑢𝑛,𝑘�⃗ (𝑟) which is periodic in 𝑟 with the periodicity of the direct lattice. The 

energy eigenvalues,𝐸𝑛�𝑘�⃗ �, associated with the Bloch eigenfunctions, 𝜓𝑛,𝑘�⃗  , form the 

energy band structure.  

The electrons in the periodic potential can be treated, to a good approximation, as 

electrons in free space by modifying its mass, 𝑚 to an effective value 𝑚∗  

 𝑚∗ ≡ �
𝑑2𝐸
𝑑𝑝2

�
−1

= �
1
ℏ2
𝑑2𝐸
𝑑𝑘2

�
−1

 (2.3)  

A simplified energy band structure is illustrated in Figure 2.5. The electrons tend 

to fill up the low energy bands first. Some states near the maxima of the valence band are 

empty as electrons are thermally excited into the empty states near the conduction band 

minima. The empty states left behind are regarded as holes, a positive mobile charge 

carrier.  
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Figure 2.5 A simplified one dimensional energy band diagram at T >0K for a direct bandgap 

semiconductor.  

When the semiconductor is in thermal equilibrium, the electron distribution over 

filled states and available states at each energy level is given by the Fermi function 

(Figure 2.6): 

 𝑓(𝐸) =
1

1 + 𝑒(𝐸−𝐸𝐹)/𝑘𝑇 (2.4)  

where EF is the Fermi energy, k is Boltzmann constant and T is the Kelvin temperature. 

At absolute zero, the Fermi function is a step function. The electron system of an intrinsic 

semiconductor is characterized by a completely filled valence band with all the states 

below EF filled with electrons and all those above EF are completely empty. As the 

temperature increases, some electrons are thermally excited above the Fermi level filling 

some states above EF and leaving corresponding number of states below EF empty. The 

thermally excited electrons occupying the conduction band are mobile and form the basis 

for electrical conductivity.  
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Figure 2.6 The Fermi function showing that the spreading of the distribution increases with 

temperature. 

The conduction band and valence band effective density of states (#/cm3), 𝑁𝐶 

and 𝑁𝑉, respectively, are given by  

 𝑁𝐶 = 2 �
2𝜋𝑚𝑛

∗𝑘𝑇
ℎ2

�
3/2

 (2.5)  

and 

 𝑁𝑉 = 2�
2𝜋𝑚𝑝

∗𝑘𝑇
ℎ2

�
3/2

 (2.6)  

The density of states of a system is can be described as the number of available 

states per energy interval for each energy level to be occupied. Thus, it may be 

considered as a statistical weighing and the density of electrons at a particular level will 

be a product of density of state and the Fermi function f(E). 
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In the case of a non-degenerate semiconductor, when the Fermi energy is at least 

3kT away from either band edge, the Fermi function can be replaced with a simple 

exponential function, i.e. the Maxwell-Boltzmann distribution function. The carrier 

density integral can then be solved analytically yielding the equilibrium electron 

concentration (#/cm3) as 

 𝑛𝑜 = 𝑁𝐶𝑒(𝐸𝐹−𝐸𝐶)/𝑘𝑇 (2.7)  

and equilibrium hole concentration (#/cm3) as 

 𝑝𝑜 = 𝑁𝑉𝑒(𝐸𝑉−𝐸𝐹)/𝑘𝑇 (2.8)  

Intrinsic semiconductors are usually non-degenerate, so that the expressions for 

the electron and hole densities given by Equations (2.7) and (2.8) in non-degenerate 

semiconductors apply. In an intrinsic semiconductor in thermal equilibrium, the number 

of electrons in the conduction band and the number of holes in the valence band are equal 

giving 𝑛𝑜 = 𝑝𝑜 = 𝑛𝑖, where 𝑛𝑖 is the intrinsic carrier concentration which is computed 

by, 

 𝑛𝑜𝑝𝑜 = 𝑛𝑖2 = 𝑁𝐶𝑁𝑉𝑒(𝐸𝑉−𝐸𝐶)/𝑘𝑇 = 𝑁𝐶𝑁𝑉𝑒(−𝐸𝐺)/𝑘𝑇 (2.9)  

which gives, 

 𝑛𝑖 = �𝑁𝐶𝑁𝑉𝑒(𝐸𝑉−𝐸𝐶)/2𝑘𝑇 = �𝑁𝐶𝑁𝑉𝑒−𝐸𝐺/2𝑘𝑇 (2.10)  

The energy band gap is given by, 𝐸𝑔 = 𝐸𝐶 − 𝐸𝑉 . 

The Fermi energy in an intrinsic semiconductor, 𝐸𝑖 = 𝐸𝐹, is given by  
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 𝐸𝑖 =
𝐸𝑉 + 𝐸𝐶

2
+ 𝑘𝑇𝑙𝑛

𝑁𝑉
𝑁𝐶

 (2.11)  

which is typically very close to the middle of the band gap. The intrinsic semiconductors 

are not very conductive due to their low carrier concentrations. 

The conductivity of the semiconductor can be controlled by introducing donor (D) 

or acceptor (A) impurities, which introduce additional localized electronic states into the 

band structure with energies 𝐸𝐷 and 𝐸𝐴, near the conduction and valence band, 

respectively as illustrated in Figure 2.7. A semiconductor that has been modified in this 

way is referred to as an extrinsic semiconductor. If a donor energy level is close to the 

conduction band, the extra electron will have sufficient thermal energy to occupy a state 

in the conduction band. The empty donor level will be positively charged. If an acceptor 

energy level is near the valence band, there will be enough energy for an electron from 

the valence band to occupy the acceptor level, leaving a hole behind in the valence band. 

The acceptor level when occupied by an electron is negatively charged. Extrinsic 

semiconductors with a larger electron concentration than hole concentration are known as 

n-type semiconductors and those with a larger hole concentration are known as p-type 

semiconductors.  

For an n-type semiconductor, there are more electrons in the conduction band 

than there are holes in the valence band. This also implies that the probability of finding 

an electron near the conduction band edge is larger than the probability of finding a hole 

at the valence band edge. Therefore, the Fermi level is closer to the conduction band in an 

n-type semiconductor and the Fermi energy is given by 
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 𝐸𝐹 = 𝐸𝑖 + 𝑘𝑇𝑙𝑛
𝑁𝐷
𝑛𝑖

 (2.12)  

In the same way, the Fermi level is closer to the valence band in a p-type 

semiconductor with the Fermi energy as 

 𝐸𝐹 = 𝐸𝑖 − 𝑘𝑇𝑙𝑛
𝑁𝐴
𝑛𝑖

 (2.13)  

A detailed diagram illustrating the respective density of states, Fermi-Dirac distribution 

and carrier concentrations of intrinsic and n-type and p-type extrinsic semiconductor is 

given below.  

The acceptor and donor semiconductors used in this dissertation belong to a 

special class of polymers known as conjugated polymers. Analyzing their energy band 

diagrams sheds light on the origin of their conducting properties and the nature of their 

charge carriers. 
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Figure 2.7 Schematic band diagrams of intrinsic, n- and p-type semiconductors. Their respective 

density of states: N(E), Fermi-Dirac distribution: f(E) and carrier concentrations are plotted as a 

function of energy. Diagram redrawn and adapted from [1]. 
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2.3 Polymers 

Polymers are materials whose molecules have high molar masses and are 

composed of a large number of small repeating units (called monomers) that can be 

linked together to form long chains. A typical polymer may include tens of thousands of 

monomers. Because of their large size, polymers are classified as macromolecules. 

Polymeric materials encompass a large class of compounds comprising both naturally 

occurring and synthetic materials with a wide a wide range of properties and uses. 

Among naturally occurring polymers are proteins, starches, cellulose, and latex. The 

polymers of interest in this dissertation are synthetic organic compounds having a long 

backbone structure with repeated molecular units covalently bonded together to form a 

chain. The atoms which form the backbone are predominantly carbon atoms. However, 

they may also be present in combination with other atoms including nitrogen 

(polycarbazole), oxygen (polyester), sulphur (polythiophene) and chlorine 

(polyvinylchloride). 

Most polymers exhibit a semi-crystalline morphology, consisting of a mixture of 

crystalline and amorphous regions. The degree of crystallinity is expressed in terms of a 

weight fraction or volume fraction of crystalline material and depends on the inherent 

ease of crystallization of the polymer molecules and on the conditions leading to the solid 

state polymerization. Polymers are solution processable and wet deposition techniques 

such as spin-coating and inkjet-printing are commonly used. The long, flexible molecules 

exist in a highly contorted and intertwined state when dissolved and the reorganization of 
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the polymer chains during and/ or after the deposition process is complicated and 

depends on a number of factors, such as the structure of the polymer, its solubility in the 

solvent, temperature of the substrate, etc. In the crystallization process, it has been 

observed that relatively short chains organize themselves into crystalline structures more 

readily than longer molecules, which tend to become tangled. The cooling rate also 

influences the amount of crystallinity. Slow cooling provides time for greater amounts of 

crystallization to occur. Fast rates on the other hand, such as rapid quenches, yield highly 

amorphous materials. In most cases the thin film formed is inhomogeneous and partially 

crystalline, consisting of crystalline regions of high order surrounded by amorphous 

polymer. 

Saturated, unsaturated and conjugated polymers 

In saturated polymers, the electrons are tightly bound in the σ-bond between the 

atoms (formed from sp3 hybrid orbitals) and there are no free charges available to 

facilitate electrical conduction. Hence, these polymers are characteristically electrical 

insulators. Polymers in which double bonds are present between the carbon atoms, a π-

bond parallel to the underlying σ-bond, are said to be unsaturated. When successive 

carbon atoms in a chain engage in π-bonding, the structure is said to be conjugated, and 

may be represented as a sequence of alternating single and double bonds, as shown in 

Figure 2.8 , which illustrates the bonding in poly(acetylene). The carbon atoms are sp2 

hybridized and this chemical bonding leads to one unpaired electron per carbon atom 

with overlapping orbitals of successive carbon atoms. This leads to an electronic 
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delocalization along the backbone of the polymer which provides the pathway for mobile 

charges. 

 

Figure 2.8 Structure of poly(acetylene) 

Poly(acetylene) is the simplest conjugated polymer and can be used to illustrate 

the unique properties of macromolecular poly-conjugated systems. It is a linear polymer 

with a 1-D backbone, where -CH- units are repeated. Each carbon atom is sp2 hybridized 

and contributes a single pz electron to the π-band, resulting in a half-filled π-band. Thus, 

poly(acetylene) can be considered as a quasi-one-dimensional metal (q-1D), having one 

carrier per carbon atom. However, such half-filled systems give rise to Peierls distortion 

and in poly(acetylene) this results in the non-equivalence of the C-C bonds in 

poly(acetylene), i.e. they are alternatively slightly longer and slightly shorter. The actual 

structure of poly(acetylene) is dimerized (-CH=CH)n and has two carbons in the repeat 

unit. This dimerization opens a gap between the HOMO level corresponding to fully 

occupied π-band (valence band) and the LUMO level corresponding to empty π* level 

(conduction band). The π-π* band gap is around 1.5 eV and thus, poly(acetylene) can be 

treated as a semiconductor.  
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Peierls model 

 

Figure 2.9 Illustration of two linear arrays of molecules 

Consider a 1-D crystal with lattice spacing 𝑎, as illustrated in Figure 2.9. The 

basic cell in reciprocal space will be the Brillouin zone in the interval –π/a<k<π/a (k is 

the wave vector). With one electron per atom, the band would be half-filled, up to values 

of k = ±π/2a in the ground state and hence the chain would exhibit metallic behavior. 

 

Figure 2.10 A schematic of one-dimensional electronic system with a half-filled band. Band structure 

(a) before and (b) after Peierls distortion, where E is energy and EF is the Fermi energy. 

Normal
a

Distorted
2a



35 
 
 

Peierls predicted that this simplified description is inaccurate and structural 

distortion would set in. In this lattice distortion every other atom moves closer to one 

neighbor and further away from the other, the unfavorable energy of the long bond 

between atoms being outweighed by the energy gain of the short bond. This periodic 

distortion reduces the Brillouin zone to –π/2a<k<π/2a. The effect of the distortion is to 

open a gap at the boundaries k = ±π/2a of the new Brilliouin zone (Figure 2.10). A 

reduction of energy would occur when the electrons only occupy the states below the new 

gap. The elastic energy spent on rearranging the atoms would be adequately compensated 

by the energy saved due to the new band gaps. Therefore, this lattice distortion becomes 

energetically favorable, implying that the semiconducting state is more stable than the 

metallic state. If the distortion generated an n-fold structure the reduced Brillouin zone 

would be –π/na<k<π/na, with n being the number of atoms in the new unit cell. The 

Peierls model clearly indicates that a one-dimensional chain of unsaturated carbon atoms 

with one free electron per atom is unstable and invariably leads to a semiconducting state 

[2]. The dependence of the band gap on the molecular structure of the repeat unit opens 

up exciting opportunities to control and tune the energy gaps via molecular design. By 

tailoring the band gap of these semiconductors, the absorption bandwidth and the fraction 

of the solar spectrum absorbed can be controlled.  

2.4 Charge Transport Carriers  

Considerable theoretical and experimental work has been carried out in the area of 

charge transport of conducting polymers; however, it is still not very well understood. It 
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is believed that there are many different quasi-particles arising out of intrinsic excitations 

and interactions that play the role of charge carriers in conducting polymers. The 

properties of these charge carriers are discussed in detail in the following sections. 

2.4.1 Solitons 

The soliton is an excitation which exists in the form of a topological defect, as a 

moving domain wall. This quasi-particle may exist only for conjugated polymers with 

degenerate ground state structures such as trans-poly(acetylene) (trans-PA) (Figure 

2.11a). trans-PA has a twofold degeneracy with the degenerate states (labeled A and B in 

Figure 2.11b) having two distinct bonding structures.  

 

Figure 2.11 (a) Ground state energy (E) as a function of the configuration co-ordinate for a system 

with a degenerate state. (b) Degenerate states of trans-PA. (c) Topological representation of a soliton 

in trans-PA.  

The simplest model of the defect region is that of Figure 2.11c, where the 

transition from state A to state B is abrupt, and there is an unpaired electron (free radical) 

completely localized on the central carbon atom. The defect consists of a change in the 

backbone of the chain from state A to state B, with one localized electronic state 
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associated with an unpaired electron at the point where this change occurs. It has been 

defined by Su, Schrieffer and Heeger as bond-alternation domain wall as the soliton is 

situated at appoint where one polymer domain ends and a new ones begins [3]. In reality, 

both the change of state and the localized electronic state are spread out over a longer 

distance than implied by this model. In cis-poly(acetylene) (c-PA), the ground state is 

non-degenerate and solitons don’t occur. 

 

Figure 2.12 The chemical shorthand for solitons in trans-polyacetylene: (a) neutral, (b) positive and 

(c) negative soliton.  

The soliton is free to travel along the backbone of the chain without a distortion. It 

may exist as a number of states: neutral or charged (positive or negative) as shown in 

Figure 2.12.The presence of a soliton has a remarkable effect on the electronic spectrum 

of the polymer. A single electronic state appears near the middle of the energy gap when 

a soliton is created (Figure 2.13). This state is singly occupied for a neutral soliton. Since 

the unpaired electron has a spin ½ and all the other states in the system are spin-paired, it 

follows that the neutral soliton has a spin ½.  The state may also be empty for a positively 

charged soliton or doubly occupied for a negatively charged soliton. A charged soliton 

+

-

(a)

(b)

(c)
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carries a charge ±e and has spin zero, rather than the spin ½ as for an electron or hole. 

These reverse spin-charge relations are a fundamental feature of the soliton model.  

 

Figure 2.13 Energy levels and localized level occupations of the (a) neutral, (b) positive and (c) 

negative solitons.  

2.4.2 Polarons and bipolarons 

Polymers, such as c-PA and polypyrrole (PPy), which has a non-degenerate 

ground state is more typical. These polymers have an isomer which is more energetically 

favorable than the other (Figure 2.14 a-b).   

 

Figure 2.14 Ground states of (a) cis-PA and (b) polypyrrole (PPy) 

EC

EV

Conduction Band

Valence Band

EC

EV

Conduction Band

Valence Band

EC

EV

Conduction Band

Valence Band

S0 S- S+

(a) (b) (c)



39 
 
 

When a charge is injected on the chain, the chain exhibits a deformation via a 

localized bond rearrangement. The removal (addition) of an electron from the polymer 

system creates a free radical and a positive (negative) charge. A polaron will not be stable 

in an uncharged, unexcited singlet state, as it will decay trivially into the ground state. In 

the case of PPy, the radical cation formed induces a limited region of quinoid bond 

sequence, having higher lattice energy (Figure 2.15 b). The charged site coupled with a 

free radical via a local lattice distortion is called a polaron.  

A polaron has a traditional charge-spin relationship i.e. it has a spin of ½ and a 

charge of ±e (positive for a radical cation and negative for a radical anion). Polaron 

formation is associated with new localized states in the band gap (Figure 2.16 a-b), which 

are symmetrically located relative to the band edges. 

 

Figure 2.15 Formation of a polaron and a bipolaron in polypyrrole. 

A bipolaron is formed when an additional electron is removed from the polaron 

(Figure 2.15 c). The localized electronic states in a bipolaron are, like those of a polaron, 

symmetrically spaced about mid-gap (Figure 2.16 c-d). However, since the bipolaron 
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imposes a stronger distortion, the localized levels are father away from the band edges 

than in the case of the polaron. A bipolaron is similar to a Cooper-pair in the BCS theory 

of superconductivity, in that two electrons are bound by the exchange of virtual phonons, 

except that the electrons in a Cooper-pair are paired in k-space, while the electrons in a 

bipolaron are paired in real space.   

 

Figure 2.16 Energy levels and localized states for the (a) positive and (b) negative polaron and (c) 

positive and (d) negative bipolaron. 

2.4.3 Excitons 

An exciton can be defined as an excited quasi-particle in a solid, which is formed 

by a Coulomb-bound electron-hole pair. In most organic semiconductors when a photon 

is absorbed, the molecule is excited and an electron is transferred from the donor HOMO 

to the acceptor LUMO. This electron the quickly reorganizes with a hole to form a tightly 

bound electron-hole pair called a Frenkel exciton. The Frenkel exciton is highly 

localized, as illustrated in Figure 2.17 a, with a typical size of less than 1 nm and binding 
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energies typically larger than 0.1 eV.  This is partly because the exciton binding energy 

EB is proportional to the Coloumbic attractive potential EC which is given by 

 𝐸𝐶 = −𝑒2 4𝜋𝜀𝜀0𝑟⁄  (2.14)  

The small size of the exciton (r) combined with the low dielectric constant of the organic 

materials (ε) results in large binding energies with values ranging from 0.1 to 1 eV 

depending on the material in question. 

In contrast, Wannier-Mott excitons are loosely bound electron-hole pairs with 

sizes typically greater than 10 nm and with binding energy typically less than 0.03 eV 

(Figure 2.17 b). They are mostly observed in inorganic systems having a relatively high 

dielectric constant. This introduces a significant screening effect and reduces the 

Coulombic interaction between the electron hole pair. They are highly delocalized and 

their size is typically much larger than the lattice spacing. This shallow exciton is easily 

dissociated and a photo-excitation at room temperature will generate a free electron hole 

pair instantly. This mechanism is referred to as a “primary photo-carrier generation”. In 

the case of tightly bound Frenkel exciton, the thermal energy provided at the room 

temperature is not sufficient to dissociate the exciton, so extra energy is required. The 

requisite driving force can be supplied by an electric field generated by using two 

materials with different work functions. This is called the “secondary photo-carrier 

generation” mechanism.  
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Figure 2.17 A schematic of (a) localized Frenkel exciton in which the radius is small compared to the 

lattice constant d and (b) Wannier-Mott exciton with a radius large in comparison with the lattice 

constant d. Diagram redrawn and modified from [4]. 

2.5 Exciton Energy Transfer Mechanism  

In organic photovoltaics, the excitons have to travel towards an interface within 

the photovoltaic to be dissociated into charge carriers. The motion of the excitons in the 

organic photovoltaics is best described by a hopping based diffusion process, 

characterized by a diffusion length LD. This movement can involve several mechanisms 

of energy transfer processes: 

2.5.1 Radiative energy transfer 

Radiative energy transfer is defined as the energy transfer that occurs when 

photons emitted by a donor molecular entity due to fluorescence or phosphorescence are 

reabsorbed by an acceptor molecular entity. This is a long range process and gains 
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importance at intermolecular distances larger than 100 Å. The probability of transfer is 

given approximately by:   

 𝑃𝑟,𝑡 ∝ [𝐴]𝑥𝐽 (2.15)  

where 𝐽 is the spectral overlap integral, [𝐴] is the concentration of the acceptor, and 𝑥 is 

the specimen thickness. 

2.5.2 Förster energy transfer (dipole-dipole energy exchange) 

Förster energy transfer is a non-radiative energy exchange between a donor and 

an acceptor molecular entity based on the dipole-dipole interaction between them. This 

process involves long range Coulombic interactions of charge distributions of two 

molecular entities. The excited molecular entity (donor) as its transfers its excitation 

energy to another molecular entity and relaxes to a lower energy states. The molecular 

entity (acceptor) absorbs this energy and becomes excited. This process occurs over 

distances much greater than collisional diameters (~50-100 Å) as hence is termed as long 

range.  

When the lifetime of the acceptor is sufficiently long, such that 𝐽𝜏𝜙 ≫ ℏ where 𝐽 is the 

spectral integral overlap and 𝜏𝜙 is the dephasing time, there is coherent oscillation of the 

energy between the respective molecular entity pair at a frequency 𝐽 ℏ⁄ . For coherent 

dipole-dipole interaction, 𝐽  is proportional to 𝑅3 where 𝑅 is the mean distance between 

the molecules and the energy transfer rate is [4] 



44 
 
 

 𝑘𝐷→𝐴𝐹 =
4|𝐽|
ℏ

~
1
𝑅3

 (2.16)  

In case of large molecules or molecular aggregates, the electronic states of the 

acceptor are strongly coupled to a dense system of vibrational states. The direct result of 

this is to reduce the lifetime of the acceptor, such that 𝜏𝜙 ≈ ℏ ∆𝐸⁄ , where ∆𝐸 is the 

vibrational bandwidth. Thus, coherent transfer occurs only when |𝐽| > ∆𝐸. Generally 

|𝐽| < ∆𝐸 and incoherent transfer takes place with the transfer rate [4] 

 𝑘𝐷→𝐴𝐹 =
1
𝜏𝐷

1
𝑅6

3
4𝜋

�
𝑐4

𝜔4𝑛4
𝐹𝐷(𝜔)𝜎𝐴(𝜔)𝑑𝜔 (2.17)  

where 𝜏𝐷 is lifetime of the excited state of the donor molecule, 𝑛 is the refractive index of 

the surrounding medium, 𝑐 is the speed of light and 𝐹𝐷 is normalized fluorescence 

emission spectrum, 𝜎𝐴 is normalized absorption spectrum of the acceptor. The integral is 

calculated over all angular frequencies. From (2.17) we can see that a substantial overlap 

of the emission and absorption spectrum is required to have an effective Förster transfer. 

Also, efficiency of this energy transfer is inversely proportional to the sixth power of the 

distance between donor and acceptor making it extremely sensitive to small distances. 

The relative orientations of the dipole moments of the molecules also affect the 

efficiency. 

Equation (2.17) can also be written in terms of material characteristic Forster radius 𝑅0 as 

 𝑘𝐷→𝐴𝐹 =
1
𝜏𝐷
�
𝑅0
𝑅
�
6

 (2.18)  
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The Förster radius 𝑅0 is defined as the distance at which, for isotropic distributions, the 

transfer efficiency is 50%. 

2.5.3 Dexter energy transfer (electron exchange excitation transfer) 

Dexter energy transfer is defined as the excitation energy transfer occurring as a 

result of an electron exchange mechanism, where dipole forbidden energy transfer can 

take place. It is the dominant mechanism in triplet-triplet energy transfer. The transfer 

rate constant, 𝑘𝐷→𝐴𝐷  is given by: 

 𝑘𝐷→𝐴𝐷 =
2𝜋
ℏ

|𝛽𝐷𝐴2 |�𝑃𝐷(𝐸)𝜎𝐴(𝐸)𝑑𝐸 (2.19)  

where 𝛽𝐷𝐴 is the exchange interaction energy, 𝑃𝐷(𝐸) and 𝜎𝐴(𝐸) are the respective 

normalized phosphorescence and absorption spectra of the two interacting molecules. It 

can also be written as: 

 𝑘𝐷→𝐴𝐷 ~𝑒(−2𝑅 𝐿⁄ ). 𝐽 (2.20)  

where 𝑅 is the separation and 𝐿 is the intermediate orbital radius of the involved 

molecules and J is the overlap integral ∫𝑃𝐷(𝐸)𝜎𝐴(𝐸)𝑑𝐸.The exponential dependence of 

the Dexter transfer results in a strong decay with increase in distance between the 

molecules. Thus, the two interacting molecules need to be in close proximity (typically, 

10 Å) for the diffusion of electrons between the molecules. Hence, Dexter energy transfer 

is sometimes referred to as short range energy transfer. 

The schematic of the energy transfers are shown in Figure 2.18.  
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Figure 2.18 (a) Electron transfer from an excited donor molecule (D*) to a neutral acceptor (A). The 

horizontal lines are HOMO and LUMO energy levels of donor (D) and acceptor (A) molecules; the 

asterisk denotes excited state. The red dashed arrows represent simultaneous rearrangement of the 

electronic configuration. (b) Förster energy transfer and (c) Dexter energy transfer enables diffusion 

of triplet excitons.  

2.6 Charge Carrier Transport in Organic Semiconductors 

An organic semiconductor is a disordered system without long range order. This 

disorder stems from the presence of structural or chemical defects which lead to irregular 

molecular packing and the absence of three-dimensional periodicity. This situation for 

electronic conduction is vastly different from that of ordered crystalline domains of 

inorganic semiconductors. The strong overlap of the respective atomic orbitals lead to 

broad bands and the charge transport occurs through wave-like propagation of carriers 
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(described by Bloch waves) in these well-established conduction or valance bands. In 

contrast the molecular orbitals in organic semiconductors overlap only weakly, resulting 

in the formation of narrow bands. Thus, charge carriers are more localized and have 

strong electronic interactions with the surrounding lattice. The charge transport in organic 

semiconductors is very complex and is usually described by phenomenological 

approaches. 

 

Hopping transport 

In organic semiconductors, the charge carriers are effectively localized over a few 

molecular units rather than along entire backbone or across a large crystalline domain. 

Then, charge carriers can only move via an activated process moving from site-to-site 

rather than via a band-like conduction process. Charge transport occurs by a combination 

of phonon-assisted tunneling of electrons or holes between localized states to cover the 

distance and thermal activation by absorbing a phonon to classically jump up to the next 

available site. This thermal-assisted transport mechanism from site-to-site is called 

hopping transport. 

Various theoretical frameworks exist to describe the hopping process. In 1956, 

Conwell and Mott proposed the concept of hopping conduction and described a 

mathematical formulism to explain impurity conduction in inorganic semiconductors [5, 

6]. Miller and Abrahams proposed a new formulism based on the works of Conwell and 

Mott which describes the motion of the carrier to an adjacent inter- and intra- chain site 

with the assistance of a single photon [7]. They calculated the phonon-assisted hopping 
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transition rate 𝑤𝑖𝑗 for a charge carrier from an occupied site 𝑖 with energy 𝜖𝑖 to an 

unoccupied site 𝑗 at energy 𝜖𝑗 given by  

 𝑤𝑖𝑗 = 𝑣0 exp�−2𝛾𝑅𝑖𝑗� ∗ �
exp �−

𝜖𝑗 − 𝜖𝑖
𝑘𝐵𝑇

�         𝜖𝑖 < 𝜖𝑗    

1                                𝜖𝑖 ≥ 𝜖𝑗
� (2.21)  

where 𝑣0 is the frequency of attempted hops, 𝛾 is the inverse delocalization length, 𝑅𝑖𝑗 is 

a distance factor related to the wave-function overlap between sites 𝑖 and 𝑗,  𝑘𝐵 is 

Boltzmann’s constant and 𝑇 is the temperature in Kelvin. The first exponential term 

describes the wave function overlap of states 𝑖 and 𝑗 which gives the tunneling 

probability between two states as tunneling can take place between two localized states if 

the electronic wave-functions of the two states effectively overlap. The second 

exponential term gives the probability of absorbing a phonon for hops upward in energy 

and describes the penalty for the charge hopping upward in energy. This penalty 

decreases with an increase in temperature and therefore, the mobility and hence the 

conductivity of organic semiconductors exponentially increases with temperature, which 

is different from temperature dependence of conductivity in crystalline semiconductors 

such as Si or Ge. From Equation (2.21), it becomes apparent the hopping transport 

depends on both the spatial and energetic difference between the hopping sites. Charge 

carriers preferably hop to sites with lower energy. However, there exists a trade-off 

between hops over a long distance to energetically favorable sites and hops over a short 

distance to energetically less favorable sites. Mott developed this variable range hopping 
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(VRH) model in 1969 using a constant density of states [8]. It was used to describe 

resistivity in strongly disordered systems with localized states at low temperatures. 

The other hopping model found in literature is the Marcus hopping formalism 

which is used when polaranic effects are important as it accounts for polarization and 

geometrical reorganization effects. In the 1950s, Rudolph A. Marcus proposed a hopping 

rate, which is suitable to describe the local charge transport [9]. The equation he proposed 

for the hopping rate from site 𝑖 to site 𝑗 is 

 𝑤𝑖𝑗 =
2𝜋
ℏ2

𝑡2 ∗ �
1

4𝜆𝜋𝑘𝐵𝑇
𝑒𝑥𝑝 �

−(∆𝐺0 + 𝜆)2

4𝜆𝜋𝑘𝐵𝑇
� (2.22)  

where 𝑡 is the transfer integral the wave-function overlap between sites 𝑖 and 𝑗, which is 

proportional to the tunneling contribution, 𝜆 is the reorganization energy related to the 

polaron relaxation, which is sometimes called self-trapping: the molecule is distorted by 

the charge, which leads to a (lattice) polarization, lowering the site energy, ∆𝐺0 is the 

difference in the Gibbs free energy from the initial to the final state,  energy difference of 

the two chosen sites,  ℎ is the Planck’s constant, 𝑘𝐵 is Boltzmann’s constant and 𝑇 is the 

temperature in Kelvin. From Equation (2.22), it can be seen that the transition rate is 

proportional to the tunneling term and the exponential term depends on both the 

difference in energy of the sites as well as on the self-trapping predisposition of the 

charge on the initial site. The transition rate for polarons differs from the Miller-

Abrahams formalism as it does not change on whether the hop is to a higher or lower 

energy site. 

http://en.wikipedia.org/wiki/Rudolph_A._Marcus
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Models for charge transport in bulk systems 

The energy levels of the hopping sites are often assumed to be randomly 

distributed according to a Gaussian density of states (DOS). This assumption is based on 

observation of the shape of the excitonic absorption band and taking into account that the 

polarization energy can be described by a large number of internal positions with small 

randomized variations. This profile is in contrast to the exponential profile of the DOS 

generally accepted for their inorganic counterparts. The Gaussian distribution for the 

DOS is given by 

 𝑁(𝐸) =
𝑁

𝜎√2𝜋
exp (−

𝐸2

2𝜎2
) (2.23)  

where σ is the distribution energy scale mirroring disorder, 𝐸 is the energy and 𝑁 is the 

concentration of states. 

The models described in the previous section for estimating the hopping transition 

rates have been widely used in conjunction with the assumption that the DOS is a 

Gaussian profile for disordered organic systems. Bässler described the hopping transport 

of a single carrier in a disordered organic system with site energies distributed according 

to a Gaussian distribution with a standard deviation σ [10]. The hopping rates between 

the sites were assumed to obey Equation (2.21). Monte-Carlo (MC) simulations was used 

to solve this system and the carrier mobility was described as 

 𝜇 = 𝜇∞ exp �− �
2𝜎

3𝑘𝐵𝑇
�
2

� �
exp�𝐶[(𝜎 𝑘𝐵𝑇⁄ )2 − 𝛴2]√𝐹�             Σ ≥ 1.5 
exp�𝐶[(𝜎 𝑘𝐵𝑇⁄ )2 − 2.25]√𝐹�          Σ < 1.5

� (2.24)  
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where 𝜇∞ is the mobility in the limit 𝑇 → ∞, C is a constant related to the lattice spacing 

and 𝛴 describes the positional disorder. However, it could only explain the charge 

transport at high field strengths. Gartstein and Conwell [11] built on this model and took 

spatial correlations between site energies into account. This formulism successfully 

described the charge transport in conjugated polymers as well as other molecularly doped 

polymers. 

2.7 Organic Photovoltaics 

2.7.1 Basic working principles of polymer photovoltaics 

The photovoltaic process of an organic photovoltaic constitutes of series of 

complex processes whose mechanisms are still under study and have not been very well 

understood. However, the overall process can be divided into at least the following five 

crucial steps.  

1. Photon absorption and exciton generation 

In an organic photovoltaic, the absorption of the photon usually results in the 

formation of a strongly bound Frenkel exciton in the organic semiconductor. The photon 

is usually absorbed by the donor material such as a conjugated polymer. This process is 

shown in Figure 2.19 a. The solar radiation photon flux is most intense between 600 nm 

and 1000 nm (1.3-1.8 eV at air mass 1.5 on surface of the earth) [12]. Thus, it is desirable 

to have the dominant chromophore with a corresponding energy bandgap. However, the 

majority of the conjugated polymers have band-gaps larger than 2.0 eV (600 nm) limiting 
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the absorption to a rather narrow region of the solar spectrum. Also, the low charge 

carrier and exciton mobilities necessitate the usage of very thin films with layer 

thicknesses of the order of 100 nm. Fortunately, conjugated polymers exhibit very high 

absorption coefficients above 107 m-1 [13]. As a result, very thin polymer films of 

thicknesses between 100-300 nm are sufficient for a good absorption yield in OPVs [13]. 

P3HT, the conjugated polymer used in this dissertation has an energy gap between 1.8 eV 

and 2.0 eV with absorption coefficient of 1-2 x 107 m-1 between 500-600 nm [14]. 

 

Figure 2.19 Schematic diagram representing photovoltaic processes from a kinetic point of view for a 

BHJ OPV: (a) Exciton generation from an absorbed photon (b) Exciton diffusion to the interface and 

(c) Exciton dissociation by electron transfer to the electronegative acceptor molecules and polaron 

formation. 

2. Exciton diffusion to a donor/acceptor (D/A) interface 

Once a Frenkel exciton is generated, it typically diffuses to a donor-acceptor 

interface as illustrated in Figure 2.19 b. At this stage exciton losses occur mostly by 

exciton decay and trapping. The average distance an exciton can move from point of 

generation within its lifetime is called diffusion length. If the excitons are generated 
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further away from the interface than the diffusion length, they are lost by recombination. 

Consequently, the donor-acceptor interface is made as large as possible to minimize 

exciton loss. 

3. Exciton dissociation or polaron formation at the donor/acceptor interface 

When an exciton reaches the donor-acceptor interface, the interfacial potential 

field formed due to the energy offsets of the HOMO and LUMO of the materials is 

sufficient to dissociate the exciton as shown in Figure 2.19 c. The energy gain by 

dissociation at acceptor molecules such as fullerenes is larger than the exciton binding 

energy. After the electron transfer, the electron is on the fullerene molecule and the hole 

is located on the donor material. However they are still bound by Columbic forces and 

are referred to as a polaron pair. The quantum efficiency at this interface is near unity. 

 

Figure 2.20 Schematic diagram representing photovoltaic processes from a kinetic point of view for a 

BHJ OPV: (a) Polaron dissociation due to driving forces and (b) Charge transport of charge carriers 

to the respective electrodes resulting in photocurrent. 

4. Polaron pair dissociation or charge carrier generation at the interface 
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The interfacial potential field formed due to the energy offsets of the HOMO and 

LUMO of the materials in combination with the applied voltage is sufficient to dissociate 

the germinate polaron pair (Figure 2.20 a). The germinate pair can decay without yielding 

free charges and this geminate recombination results in a major loss mechanism for the 

photocurrent generation in OPVs. 

5. Carrier transport and carrier collection at the respective electrodes 

The free carriers are now carried to the respective electrodes by a hopping 

transport mechanism (Figure 2.20 b). The electrons travel within the acceptor material 

and the holes within the donor material.  Thus, percolation pathways for each type of 

carrier are required to ensure effective transport. The charge carrier extraction is driven 

by a net driving force originating from the difference in the electrode work function. This 

internal electric field drives the drift current across the photoactive layer. During the 

transport of the charges to their respective contacts, charge carrier recombination can take 

place. This is a non-geminate recombination process as the participating charges occur 

independently.  

As a last step, the charge carriers are extracted from the device through the 

respective electrodes and yield a photocurrent. An anode with a high work-function 

matching the HOMO level of the conjugated polymer is used to extract the hole, while a 

material having a low work-function matching the LUMO of the acceptor is used as a 

cathode for the extraction of the electron. 

In all the steps described above, there are competing loss mechanisms which 

reduce the power conversion efficiency 𝜂 of the OPV, as illustrated in Figure 2.21. In the 
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case of photon absorption, losses due to reflection and unabsorbed transmitted photons 

reduce the optical absorption efficiency 𝜂𝐴 i.e. the fraction of incident photons absorbed. 

𝜂𝐸𝐷 is the exciton diffusion efficiency to a dissociation site and is affected by losses 

mostly due to germinate recombination. The charge transfer efficiency 𝜂𝐶𝑇 is the 

efficiency for dissociation of an exciton into a free electron and hole pair at a dissociation 

site via the formation of polaron pairs. This is an ultra-fast process on the order of tens of 

femtoseconds and of almost 100% efficiency when diffusion length is sufficient to reach 

the interface[15, 16]. Finally, transport of the charges will be affected by scattering losses 

and losses due to traps. The resistances of the electrodes will also influence the carrier 

collection efficiency 𝜂𝐶𝐶 . The fraction of incident photons giving rise to electrons that are 

available to the external circuit and that are converted to electric current, determines the 

overall photocurrent efficiency. It is characterized by external quantum efficiency (EQE) 

and can be written as:  

 𝜂𝐸𝑄𝐸 = 𝜂𝐴 ∗ 𝜂𝐸𝐷 ∗ 𝜂𝐶𝑇 ∗ 𝜂𝐶𝐶  (2.25)  

EQE determines the actual fraction of the incident photons that can be converted into 

electrons in an external circuit and can be given by: 

 𝐸𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑖𝑟𝑐𝑢𝑖𝑡     

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 (2.26)  
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Figure 2.21 Schematic showing the different steps towards photocurrent generation in organic 

photovoltaics and their corresponding loss mechanisms. 
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2.7.2 Organic solar device architectures 

The schematic design of an organic photovoltaic is shown in Figure 2.22 In its 

simplest form, it consists of a semi-conductive photoactive layer sandwiched between 

two electrodes of differing work-functions. The morphology of the active layer has great 

influence on different photovoltaic processes. The efficient exciton dissociation needs a 

fine grained phase segregation of the component materials of the active layer. However, 

the polaron pair dissociation and charge transport requires that the phase separation be as 

coarse as possible. Thus, the optimum dimensions are a trade-off between two 

oppositional requirements. Hence, the architecture of the photoactive layer and spatial 

orientation of the donor-acceptor phases is crucial for the device performance. 

 

Figure 2.22 Schematic diagram of an organic photovoltaic 

 

Single layer organic photovoltaic (Schottky cells) 

The earliest OPVs were composed of a single semiconducting layer (p-type) 

sandwiched between two electrodes of differing work-function, as shown in Figure 2.23. 

When photons are absorbed by the organic layer, strongly bound Frenkel excitons are 
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generated. These excitons must diffuse to the active layer/lower work function electrode 

interface, where a Schottky barrier is formed to dissociate. The average diffusion length 

is 5-50 nm for most excitons and the organic film thicknesses are typically larger than 

100 nm. Most of the excitons generated must travel before dissociation and hence there is 

a high probability of their decay. Therefore, only excitons generated at or near the 

Schottky junction area can be dissociated into free charge carriers. This yields very small 

power conversion efficiencies (typically less than 0.1%). These devices were also called 

Schottky cells because the carriers were mainly generated in the Schottky junction. The 

Schottky cells have been categorized as the first generation organic photovoltaics. 

 

Bilayer donor/acceptor heterojunction organic photovoltaics 

The second generation photovoltaics had a photoactive layer composed of two 

separate layers of a donor and an acceptor material, forming a planar heterojunction 

interface as depicted in Figure 2.23. This architecture was demonstrated in 1986 by Tang 

at Kodak using a derivative of pthalocyanine as the donor material and a perylene 

tetracarboxylic derivative as the acceptor [17]. The Frenkel exciton diffuses to the D/A 

interface and is dissociated into free charge carriers which then travel to their respective 

electrodes. This system is more efficient than the single layer device as the distance 

travelled by the photogenerated exciton is lowered, decreasing their likelihood of decay. 

Also, the bimolecular recombination is significantly suppressed as the charge carriers 

move in two separate domains, i.e. the holes travel in the donor material and the electrons 

in the acceptor material. However, bilayer devices still suffer from a disadvantage as the 
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average exciton diffusion length (typically between 5-50 nm) is still much smaller than 

the organic film thickness (typically larger than 100 nm).  This limits the part of the 

active layer that contributes to the photocurrent as only the excitons generated near the 

D/A interface dissociate to give rise to charge carriers. Excitons generated in the 

reminder of the device decay before they reach the interface and are lost.  

 

Figure 2.23 Schematic comparison of photocarrier generation processes of (a) organic single layer 

type PV cell and (b) organic D/A junction bilayer type photovoltaic. LWFE and SWFE stands for 

large work-function electrode and small work-function electrode. Redrawn and adapted from[12] 
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Bulk-heterojunction organic photovoltaics 

 

Figure 2.24 Bulk-heterojunction OPV architecture 

In the BHJ cell, a blend of an electron donor and an electron acceptor material is 

used as the photoactive layer where the two components are intimately mixed as 

illustrated in Figure 2.24. These types of cells are categorized as third generation organic 

photovoltaics. The interpenetrating network of the two components results in a complex 

structure of interfaces with a quasi-random distribution of the two phases. This process 

attempts to increase the interfacial area, thus reducing the distance travelled by excitons 

before dissociation. Ideally, the interface should be available within the exciton diffusion 

length. This allows for higher exciton dissociation efficiency and the charge generation 

process is efficient. The requirement for efficient charge transport is different and a 

continuous percolative network extending to the electrodes is ideal. However, the donor 

and acceptor domains may not really be bicontinuous and the carriers may be trapped at 

an island or recombined due to poor phase morphology. Extensive studies have been 

conducted to improve this phase morphology. 
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Figure 2.25 Band level alignment in OPV BHJ devices 

The careful choice of materials to use as the donor and acceptor components of a 

BHJ is necessary to ensure efficient charge generation and transfer to the electrodes. The 

open circuit voltage (Voc) is traditionally defined as the difference between the donor 

HOMO and the acceptor LUMO (The minimum value for Voc defined as β in Figure 

2.25). The difference between the donor LUMO and the acceptor LUMO is also 

significant as it characterizes the electron transfer efficiency (shown as α in Figure 2.25).   

The most widely used solution processed active layer structure is the BHJ 

consisting of P3HT:PCBM. The devices fabricated for the purpose of this work are based 

upon this OPV active layer architecture. 

2.7.3 Photovoltaic characterization 

In order to determine the performance and electrical characteristics of the 

photovoltaic devices, current-voltage measurements are performed, both in dark and 
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under illumination. The performance of PV cells is commonly rated with respect to 

standard reporting conditions (SRC). The SRC for rating the performance of terrestrial 

PV cells are the following: 1000 Wm–2 irradiance, AM 1.5  global reference spectrum, 

and 25 °C cell temperature [18], where AM 1.5 (AM: air mass) is the typical spectrum of 

the light on the surface of the Earth as given by the ASTM Standard G159[19]. The 

current-voltage (I-V) or the area normalized current density-voltage (J-V) characteristic 

curves yield most of the critical parameters required to determine the PCE of an OPV 

under test.  A typical J-V curve of an OPV device under illumination is shown in Figure 

2.26. 

 

Figure 2.26 I-V characteristic curve of an OPV device displaying JSC, JMMP, VOC and VMMP. 
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The voltage at which no current flows through a photovoltaic is called open 

circuit voltage VOC. VOC for BHJ OSCs is directly related to the energy difference 

between the HOMO and LUMO levels of the donor and acceptor materials, respectively 

[20, 21]. This is expected in cases where the work-function of the anode matches the 

HOMO of the donor to form an ohmic contact and the cathode matches the LUMO of the 

acceptor forming a Schottky (non-ohmic) contact. The current through the illuminated 

photovoltaic when the voltage across the photovoltaic is zero is referred to as the short-

circuit current ISC. This current is due to the generation and collection of light-generated 

carriers. The ISC depends on a number of factors such as the number of photons and area 

of the device. Thus, current density is a more relevant parameter when comparing the 

current outputs of different devices. These critical parameters, namely VOC and short 

circuit current density JSC is marked on the J-V curve along with the maximum power 

point (MPP) with its corresponding values for current density JMMP and voltage VMMP. 

The fill factor (FF) in conjunction with VOC and ISC determines the maximum power from 

the OPV device and is used to gauge the quality of the device. It is defined as the ratio of 

the maximum power PMAX from the photovoltaic to the product of VOC and ISC. 

Graphically, it is the ratio of the area of the smaller rectangle to that of the larger 

rectangle, so it is a measure of the "squareness" of the photovoltaic. 

 𝐹𝐹 =
𝑃𝑀𝐴𝑋
𝐼𝑆𝐶𝑉𝑂𝐶

=
𝐽𝑀𝑃𝑃𝑉𝑀𝑀𝑃
𝐽𝑆𝐶𝑉𝑂𝐶

 (2.27)  
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The power conversion efficiency 𝜂𝑃 of an OPV is defined as the ratio between the 

maximum power extracted at the electrodes 𝑃𝑀𝐴𝑋 to the power incident on the device 

active area 𝑃𝐼𝑁: 

 𝜂𝑃𝐶𝐸 =
𝑃𝑀𝐴𝑋
𝑃𝐼𝑁

=
𝐼𝑀𝑃𝑃𝑉𝑀𝑀𝑃

𝑃𝐼𝑁
= �

𝐼𝑆𝐶𝑉𝑂𝐶
𝑃𝐼𝑁

� ∗ 𝐹𝐹 (2.28)  

The J-V curve of Figure 2.26 has an active area of 1.34 mm2, VOC = 0.59 V, JSC 

=6.68 mAcm-2 and a FF = 40.69. These values yield a PCE = 1.61 % as per Equation 2.28 

for an illumination intensity of 1 sun (100 mWcm-2). The photovoltaic response of the 

device in addition to reflecting the photovoltaic performance is also dependent on the 

spectrum and intensity of the incident light. Therefore, the device characterization must 

be done under carefully controlled conditions with standardized solar simulators which 

simulate an AM1.5 spectrum.  

The linear graph of current density vs. voltage gives us valuable information 

about the performance of the solar device but, yields very little information about the 

quality of the diode. A semi-logarithmic plot of dark IV measurements is used to examine 

the diode properties in detail (Figure 2.27). Under illumination, small fluctuations in the 

light intensity or other measuring conditions add considerable amount of noise to the 

system. This noise is magnified in the logarithmic graph making analysis difficult. Dark 

currents have an electrical origin and are not affected by light intensity fluctuations and 

hence have less noise and are usually used for diagnostic purposes. The rectification ratio 

is defined as maximum to minimum current ratio and is used to measure the effectiveness 
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of the diode. For a good diode, the current in forward bias was much larger compared to 

the reverse bias current and the rectification ratio is high.  

 

Figure 2.27 Semi-log plot of J-V characteristic curve of an OPV device displaying JSC and VOC 

2.7.4 Equivalent circuit diagram 

Due to the complexity of the constituent layers and their properties of an organic 

cell, a self-contained theory describing the current-voltage dependence has not been 

realized as yet. However, the diode models of inorganic photovoltaics can be used to 

describe the basic current-voltage characteristics of OPVs with reasonable accuracy. In 

general, an illuminated OPV device may be represented by an equivalent circuit (EC), 

based on a single diode, as shown in Figure 2.28. It consists of an ideal diode in parallel 
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to a current source. From this equivalent circuit diagram, we see that the current produced 

by the ideal photovoltaic 𝐼(𝑉) is equal to that produced by the current source i.e. the 

photocurrent 𝐼𝑝ℎ minus that which flows through the diode and is given by 

 𝐼(𝑉) =  𝐼𝑠𝑎𝑡 �𝑒𝑥𝑝
𝑒𝑉
𝑛𝑘𝐵𝑇

− 1� − 𝐼𝑝ℎ (2.29)  

where 𝑒 is the electronic charge, 𝑉 is the voltage, 𝑘𝐵 is Boltzmann’s constant and 𝑇 is the 

temperature in Kelvin, 𝐼𝑠𝑎𝑡 is the diode saturation current under reverse bias and 𝑛 is the 

diode ideality factor. Equation 2.29 is the standard photovoltaic equation.  

 

Figure 2.28 Equivalent circuit diagrams for an ideal photovoltaic device and one that is coupled with 

inherent parasitic resistances. 

In practice, no photovoltaic is ideal and the simplest extension is to modify the 

EC by adding parasitic resistances consisting of a shunt resistance 𝑅𝑆𝐻 in parallel and a 

series resistance 𝑅𝑆 component to the model (Figure 2.28). 𝑅𝑆 takes into account the 

contact resistances of the electrodes and other factors which influence the net charge 

collected at the electrodes. 𝑅𝑆𝐻 occurs as a result of the leakage current in the device due 

to any current pathways that circumvents the donor-acceptor interface. This results in the 
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photo-generated current to take alternate pathways causing power losses. Taking into 

account the parasitic resistances, the photovoltaic equation becomes:  

 𝐼(𝑉) =  𝐼𝑠𝑎𝑡 �𝑒𝑥𝑝
𝑒𝑉𝑝
𝑛𝑘𝐵𝑇

− 1� − 𝐼𝑝ℎ +
𝑉𝑝
𝑅𝑝

 (2.30)  

Since 𝑉𝑝 = 𝑉 − 𝐼𝑅𝑠, Equation can also be written as: 

 𝐼(𝑉) =  𝐼𝑠𝑎𝑡 �𝑒𝑥𝑝
𝑒(𝑉 − 𝐼𝑅𝑠)
𝑛𝑘𝐵𝑇

− 1� − 𝐼𝑝ℎ +
𝑉 − 𝐼𝑅𝑠
𝑅𝑝

 (2.31)  

These two resistances influence the IV curve significantly. For an ideal OPV device, 𝑅𝑆 

and 𝑅𝑆𝐻  are zero and infinity, respectively. The slopes at the short circuit point (V=0) and 

at the open circuit voltage (V=VOC) can be used to estimate the values of 𝑅𝑆𝐻 and 𝑅𝑆, 

respectively. The effect 𝑅𝑆 and 𝑅𝑆𝐻 on the I-V curve is shown in Figure 2.29. 

 

Figure 2.29 The effect of changing the values for RS and RSH on an illuminated photovoltaic device 
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2.8 Optical Absorption, Excitation, and Emission Processes 

 

Figure 2.30 State (modified-Jablonski) diagram illustrating the transitions between the electronic 

states of a molecule. Redrawn and adapted from [4]. 

The electronic energy levels of a molecule are often represented by horizontal 

lines arranged vertically depending on their respective energies. The electronic state with 

the lowest energy is referred to as the ground state. When a molecule gains energy, 

either by thermal or optical means, some of its electrons are promoted to higher energy 
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levels and those electrons are said to be in excited state. Electronic states are also 

grouped according to their spin multiplicity, calculated as 2𝑆 + 1, where 𝑆 is the total 

spin quantum number of the molecule. For an electronic state having equal numbers of 

electrons with opposite spins, such that all electrons have paired spins, 𝑆 is equal to 0. 

The spin multiplicity will be 2𝑆 + 1 = 1, and hence this state is called the singlet state. 

When an electronic state has an unequal number of electrons, 𝑆 is equal to 1 giving a spin 

multiplicity of 3. This state is called the triplet state. Figure 2.30 shows the energy levels 

of the electronic states. The symbols S0, S1, S2, T0, T1 etc. refer to the ground electronic 

state (S0), first excited singlet state (S1), second excited triplet state (T2), and so on. 

Absorption of an incident photon by a ground state molecule leads to the transition of an 

electron from the ground state molecular orbital S0 to a higher electronic energy state Si, 

where the subscript 𝑖 has an integer value and characterizes the energy levels. Figure 2.28 

illustrates the principal photo-physical radiative and non-radiative processes displayed by 

organic molecules in solution. The straight arrows indicate radiative transitions, and 

wavy arrows indicate non-radiative transitions. All relaxation transitions from one state to 

another initiate from the lowest vibrational level of the initial electronic state. For 

example, fluorescence occurs only from S1, because the higher singlet states (S2, etc.) 

decay so rapidly by internal conversion that fluorescence from these states cannot 

compete. 
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UV-Visible absorption spectrum 

The quantization of energy levels ensures that the amount of absorbed energy is 

equal to the energy difference between two states. For an atom, the UV-Visible spectrum 

consists of sharp well-defined lines which correspond to the energy differences between 

the discrete energy levels. However, for molecules numerous modes of vibrational and 

rotational excitations exist, some of which overlap leading to smearing of the well-

defined fine lines. Generally, the spectra are broadened to such an extent that the 

vibrational and especially the rotational information becomes totally masked and one just 

observes a continuous broad band absorption spectrum where the maximum normally 

corresponds to the main transition. This is often denoted as the UV band structure. 

 

The photoluminescence spectrum 

Photoluminescence (PL) occurs when a material absorbs an incident photon and 

subsequently re-radiates another photon of lesser energy. Once an electron is excited to a 

highly excited singlet state, it rapidly falls through the vibrational levels of the excited 

states and this cascading effect continues till it reaches the lowest vibrational sub-level of 

S1. This process is called internal conversion (vibrational relaxation) and is usually 

accompanied by the release of phonons (heat) but no change in spin. The electron can 

relax back to the ground state (S1 → S0) by emitting a photon which is typically at a 

lower energy than the absorbed photon (Stokes shift). This radiative process is called 

fluorescence and it has a lifetime of 10-9 – 10-7 s. Alternatively, the electron from the 

singlet state S1 may cross over to the triplet state T1 via a process called intersystem 
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crossing. The excited electron can return to the ground state by emitting a photon. The 

triplet states are more stable than singlet states and hence, this decay, known as 

phosphorescence, has larger lifetimes at 10-3 – 10-2 s. 
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3. Inkjet-printing Technology 

3.1 Introduction 

Inkjet technology is increasingly viewed as more than just a printing or marking 

technique. In the beginning of this chapter a detailed overview is presented of the key 

inkjet developments to elucidate the importance of inkjet technology as a relevant and 

key industrial technology. This is followed by a description of the inkjet-printing 

equipment used; including the printhead assembly, stages, optics subsystem, and the 

software interface. The relevant theory describing the printing process is presented 

detailing the reflection properties of the pressure waves. The mathematical details are 

presented for clarity and for reference. The chapter is completed by a description of the 

experimental procedures involved in the deposition of an inkjet-printed film. 

3.2 Historical Overview of Inkjet Technology 

The first pioneering work in the field of inkjet-printing was performed by Lord 

Kelvin, who invented the inkjet-like Siphon recorder in 1858. It used a siphon to produce 

a continuous stream of ink onto a moving paper ribbon and a driving signal controlled the 

movement of the siphon. This was used for the automatic recording of telegraph 

messages and was patented in 1867.  

The experimental foundation of the modern inkjet technology was attributed to 

Savart as early as 1833 [1]. He observed the phenomena of uniform drop formation by 
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the break-up of liquid jets issuing from an orifice. He concluded that the liquid jet break-

up was governed by physical laws and produced uniform drops using acoustic energy. 

The mathematical framework was laid by Plateau and Lord Rayleigh [2, 3]. Plateau 

derived the relationship of jet diameter to drop size and Lord Rayleigh mathematically 

described the instability of the liquid jets. The role of surface tension was explored by 

Young in 1804 [4] and Laplace in 1805 [5]. 

Working devices based on the physical principles of drop formation started being 

commercially available from the 1950s. The patent of the first practical inkjet device was 

credited to Elmqvist from the Siemens-Elema company in 1951 and the ‘Mingograph’ 

device was released in 1952. In the early 1960s Sweet (Stanford University) 

demonstrated that by applying a pressure wave pattern to the ink stream, the inkjet 

issuing from the orifice could be broken into uniform drops [6]. The drops emerge in the 

presence of an electrostatic field and can be charged selectively. The charged drops are 

deflected to a predefined location by another electrostatic field and thus, form an image 

on the substrate. The uncharged drops were captured and re-circulated in the system. This 

type of system is known as continuous inkjet-printing process (CIJ) because drops are 

continuously produced and their trajectories are varied by the amount of charge applied 

(US Patent 3,596,275). The first commercial CIJ printing device was Videojet 9600, 

based on Sweets invention and released by the A.B. Dick Company in 1968. 

The CIJ printers possessed complex systems which had to include charging and 

deflection electrodes, drop capture mechanism and re-circulation systems. These 

shortcomings were overcome by the drop-on-demand (DOD) printers which created 



77 
 
 

drops only when an actuation pulse was provided. In late 1940s, Hansell invented the first 

DOD device which used a piezoelectric disc to create pressure waves used to break-off 

the ink jet and create drops [7]. However, the groundwork of the modern piezoelectric 

inkjet (PIJ) printers was laid by three patents in 1970s [8-10]. All of them used a 

piezoelectric to generate pressure waves in the ink chamber which caused the drop 

formation. When an electrical driving voltage is applied to the piezoelectric unit that is 

coupled to the ink, the unit deforms and causes a volumetric change in the fluid. This 

change generates pressure waves which are used to produce the drop which ejects out of 

the orifice. Thermal inkjet (TIJ) printers were developed by replacing the piezoelectric by 

a thermal transducer which could be miniaturized. At present both PIJ and TIJ hold 

places of importance in the industrial world. Of the three types of inkjet technologies—

thermal, continuous, and piezoelectric—piezoelectric drop-on-demand (piezo DOD) is 

the most precise and versatile for industrial applications and is able to jet a wider variety 

of fluids at greater distances with accuracy and precision. 
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Figure 3.1 Printhead technologies classified by the mode used to generate the drops (a) squeeze mode 

(b) bend mode of piezo inkjet and (c) bubble mode of thermal inkjet technologies. 

3.3 Relevance of Inkjet Technology Today 

Inkjet-printing as a fabrication technique has many attractive features. The non-

contact deposition technique makes it substrate and application independent.  Inkjets are 

also driven digitally, under computer control, enabling the dimensional controlled 

deposition of inks on targeted locations. Its precision and versatility makes it a deposition 

tool with significant benefits including but not limited to waste reduction, printing onto 

very large, very small, fragile, flexible or non-flat substrates, provision of higher quality 

output and reduction of manufacturing costs. 

Inkjet technology has grown from a technique for printing two- and three-

dimensional graphics production into an extremely versatile and precise technique with 

numerous applications in diverse realms ranging from printed circuit boards, flexible 
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displays, optics, printed electronics and photovoltaics. This type of technology has been 

employed in industrial processes for adhesive coating, to deposit precise amounts of 

biomaterials, and to build micro- or macro-structures. In the display market, inkjet 

technology is used to manufacture Flat Panel Displays (FPD), Liquid Crystal Displays 

(LCD) and Polymer Light Emitting Diodes (PLED) [11-14]. There has been extensive 

research to improve their performance. Jetting of UV-curable optical polymers has 

allowed the production of low cost micro-lens arrays [15, 16]. The unique aspects of the 

technology allow the precise and uniform deposition of the micro-lenses at the end of 

optical fibers and other substrates. The ability of this technology for dispensing small 

doses of liquid makes it extremely useful in the chemical as well as biomedical market 

[17, 18]. The high costs of these fluids make IJP with its precision and economic usage of 

materials an excellent dispensing tool. In the electronics market, inkjet technology is used 

to jet conductive silver and copper nanoparticle inks onto rigid and flexible substrates and 

fabricate electronic components and circuits, organic solutions to produce organic 

electronics, and other functional fluids to produce fuel cells and batteries [19-23].  

3.4 Inkjet-printing Apparatus 

In this dissertation, a DOD Jetlab 4 table top printer (MicroFab Tech, Inc.) is used to 

deposit the organic photovoltaic layer. The inkjet-printer consists of a piezoelectric 

driven inkjet head with X-Y motorized stage which has a heating element, and a drop 

observation camera used to observe the formation and the pathways of the ink droplets. 

The schematic diagram of the printer is shown in Figure 3.2.  
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Figure 3.2 Schematic diagram of the inkjet-printer 

3.4.1 Printhead assembly 

The printhead assembly is a complex assembly of parts designed for the effective 

and efficient drop control. Throughout this work polymer blend deposition is carried out 

using a single jet piezo-electrically actuated MJ-AL-01 jetting device suited for 

dispensing droplets of aqueous and solvent-based fluids at up to 50°C (Figure 3.3). Fluids 

with viscosity less than 20 cP and surface tension in the range 20-70 dynes/cm with pH 

from 2 to 11 can be dispensed. The viscosity and surface tension of CB is 0.80 cP and 

33.28 dynes/cm at 20°C and it falls within the dispensing range. 

  

 

Figure 3.3 Diagram of the MJ-AL-01 Jetting device  
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The MJ-AL-01 jetting device consists of a small glass capillary with piezoelectric 

elements epoxied around the circumference of the tube. The glass capillary ends in the 

nozzle orifice with a diameter of 80 µm and is cased in a stainless steel housing protected 

by insulating filler which is also resistant to solvents. The tip of the orifice extends from 

the casing, allowing visualization of drop formation or contaminants, if present. During 

the operation of the device, the fluid only wets stainless steel or glass surfaces, making 

MJ-A devices extremely robust to aggressive fluids.  The glass capillary is attached to a 

filter with an inline removable filter with a 5 µm stainless steel mesh filter element. The 

filter acts as an additional safeguard against unwanted particles which might clog the 

nozzle. A female luer fitting attaches the filter to the reservoir. 

 

Figure 3.4 Printhead assembly configuration diagram  
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The printhead assembly consists of the dispensing device, the ink reservoir, filters, 

heating elements and connections to the heating, pneumatic and electronics controller 

(JetDrive III) (Figure 3.4). The 2.5 mL capacity polypropylene reservoir attaches directly 

to the dispensing device and maintains the liquid at the set temperature with the help of 

the heating elements and a thermocouple based temperature regulator. Accurate pressure 

control is crucial for providing suitable printing conditions. Typically, a slight negative 

pressure is maintained to prevent dripping of the fluid from the tip although care is 

always taken so that the pressure does not cause the fluid to get backed up into the 

reservoir. 

3.4.2 X-Y and Z stages 

The device can create patterns over a total printable area of 160 X 120 mm2. The X-

Y stages are equipped with linear encoders used for position maintenance. The 

positioning accuracies are ±10 µm, with a repeatability of about ±2 µm. The Z stage 

controls the printhead height. The X-Y stage is fitted with a heater and the temperature of 

the platen can be adjusted up to 150°C. The stage also has vacuum ports for the steady 

positioning of the substrate. 

3.4.3 Optics subsystem 

The horizontal drop observation camera is used to observe the formation and the 

pathways of droplets in flight. As the drop formation is periodic due to the waveform of 

the ac signal driving the piezoelectric transducer, a stroboscopic method is used to 
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visualize the phenomenon. This is achieved by using a pulsed LED illuminating the tip of 

the nozzle in sync with the main output ac signal for drop generation. In other words, the 

strobe frequency is the same as the drop repetition rate or DOD-frequency. A strobe 

delay of varying duration is applied to the LED pulse wave in order to observe the 

pathway of the drops at various instants. The delay changes the relative timing of the 

strobe pulse to the main pulse. Every stage of the drop formation and the impact of 

changing various parameters of the waveform on it can be observed by adjusting the 

strobe delay. The inspection camera is oriented vertically and is used to inspect printed 

patterns. 

 

Figure 3.5 (a) Close-up view of drop formation with the jetting device tip in view of the horizontal 

camera (b) Sequence of snapshots at a time interval 100μs of showing the pathway of a drop. The 

leftmost image corresponds in time to the start of the pulse (300 μs), and the last one matches 

approximately fall in the pulse at 1300 μs. Printing was done using isopropanol.   
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3.4.4 Printing patterns 

The printer offers simple built-in patterns such as a straight line, a rectangular array 

and greater more complex arrays. The simplest pattern consists of a row of points with 

constant spacing which gives a straight line. The rectangular array covers a rectangular 

area with rows of equidistant points along x and y directions with the two directions 

being allowed to have different spacings. The array of arrays covers a rectangular area 

with identical arrays. For each of these patterns, there is an inherent flexibility due to the 

various parameters which can be specified such as the number of droplets to be dispersed 

at each point, the global rotation that the pattern should have or the pattern offset which 

allows the pattern to move to any location in the x-y plane. There are two modes of 

printing: point-to-point where the jetting device stops at the assigned each point to 

dispense a drop or print-on-the-fly during which the motion of the x and y stages are not 

be stopped to dispense droplets. 

Complex patterns can be defined by the user through script files. All the patterns 

used in this dissertation have been created using custom script files written employing the 

pattern editor program using a simple script language specific to the Jetlab program. An 

example of a script file is given below. 
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Figure 3.6 Example of a simple script file. 

 

This file will print a rectangular array (steps of 1 mm for 10 points in x direction 

and steps of 1 mm for 2 points in y directions) is printed at a fixed starting point and a 

similar but larger second array (steps of 2 mm for 5 points in x and steps of 1 for 3 points 

in y direction) is printed offset by some distance from the first (the absolute location of its 

starting point is given) and rotated by 45 degrees around its starting point (Figure 3.7). 

The ‘1’ at the end of the array statement indicates that the printing of rows should be 

done back and forth. 
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Figure 3.7 Pattern monitor window, with the completed pattern corresponding to the example script 

file.  

3.5 Printing Principles  

The drop ejection process starts when the fluid reservoir of the print head is 

subjected to an applied external voltage pulse, causing it to contract and reduce in 

volume. This volumetric change causes a sudden compression of the fluid creating an 

acoustic pressure wave and this overcomes the surface tension at the ink-air interface and 

causes the ejection of the drop from the print-head tip orifice. The jetting phenomenon 
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has been related to the pressure wave inside the printhead by Body and Talke [24]. A 

description of travelling pressure waves and their behavior pertaining to propagation and 

reflection is reviewed below. A linear bipolar waveform and its effect of its different 

parts on the reservoir fluid are detailed. 

3.5.1 Derivation of pressure wave equation 

In this section the derivation of wave equation is presented for reference. The wave 

equation is usually represented in terms of particle displacement 𝑢(𝑥, 𝑡) as shown in 

Equation (3.1) and it is considered as a general form of the wave equation. However, this 

form can also be used to directly describe the wave as pressure function 𝑃(𝑥, 𝑡)and since 

the relevant parameter in our discussion is pressure, so the wave equation was derived in 

terms of pressure. 

 𝜕2𝑢
𝜕𝑥2

=
1
𝑐2
𝜕2𝑢
𝜕𝑡2

 (3.1)  

where 𝑐 is speed of sound in the ambient atmosphere. 

Consider a column of air bounded by a closed surface on the right side and an air-

tight piston on the other end of the long tube with a cross-sectional area A (Figure 3.8). 

The length of the original column of air can be considered as 𝑐 ∗ 𝑑𝑡. The pressure of the 

air when the piston is at rest is p, the atmospheric pressure and the ambient density of air 

is 𝜌. When the piston starts moving with a longitudinal velocity v, the air will start 

getting compressed causing the pressure and density to rise and a pressure wave will be 
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generated. After a time t, the piston would have moved forward by a distance ∆𝜈 ∗ 𝑑𝑡, 

with the pressure in the enclosed region as 𝑃 + ∆𝑃 and density as 𝜌 + ∆𝜌. 

 

Figure 3.8 Representation of a bounded column of air with a snugly fit piston on the left side and a 

closed surface on the right. (a) Initial conditions (b) Conditions after a time dt 

First we can calculate the mass of air which will remain constant throughout the 

compression. Considering the situation represented in Figure 3.8a we get: 

 𝑀𝑎𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 = 𝐴𝑐𝑑𝑡𝜌 (3.2)  

From Figure 3.8b where the mass of air has been compressed into a smaller volume, we 

get: 

 𝑀𝑎𝑠𝑠𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 = 𝐴(𝑐𝑑𝑡 − ∆𝜈𝑑𝑡)(𝜌 + ∆𝜌) (3.3)  

Applying the conservation of mass and equating these two equations gives us: 

 𝐴𝑐𝑑𝑡𝜌 = 𝐴(𝑐𝑑𝑡 − ∆𝜈𝑑𝑡)(𝜌 + ∆𝜌) (3.4)  

Rearranging the terms results in: 
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 ∆𝜈 =
∆𝜌

(𝜌 + ∆𝜌)
𝑐 (3.5)  

In our case, we can make the assumption that ∆𝜌 ≪ 𝜌 leading to: 

 ∆𝜈 =
∆𝜌
𝜌
𝑐 (3.6)  

Equation (3.6) describes the relationship between the incremental change in particle 

velocity to the incremental change in density and it will be used later. 

The relationship between the incremental changes in pressure to the incremental 

change in density can be derived by looking at the momentum of the air particles 

undergoing compression. The instantaneous momentum can be described as the total 

mass moved with an instantaneous velocity ∆𝜈.  Thus using Equation (3.2) we can write:  

 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 𝑑𝑝 = 𝐴𝑐𝑑𝑡𝜌∆𝜈 (3.7)  

We know: 

 𝐹𝑜𝑟𝑐𝑒 =
𝑑(𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚)

𝑑𝑡
=
𝑑𝑝
𝑑𝑡

 (3.8)  

So, we can now describe the instantaneous change in pressure as a result of the 

compressed air, by looking at the rate of change of momentum (Force) and dividing it by 

the area 𝐴. Thus: 
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∆𝑃 =
𝐹𝑜𝑟𝑐𝑒
𝐴

 

⇒ ∆𝑃 = 𝑐2
𝜌∆𝜈
𝑐

 

(3.9)  

Using Equation (3.6) to substitute the incremental change in particle velocity by 

incremental change in density, we get: 

 ∆𝑃 = 𝑐2∆𝜌 (3.10)  

We know that the momentum equation is: 

 𝜌
𝜕𝑣
𝜕𝑡

= −
𝜕𝑃
𝜕𝑥

 (3.11)  

And the continuity equation is: 

 
1
𝜌
𝜕𝜌
𝜕𝑡

= −
𝜕𝜈
𝜕𝑥

 (3.12)  

Firstly we can differentiate Equation (3.11) w.r.t x and Equation (3.12) w.r.t t: 

 
𝜕2𝜈
𝜕𝑥𝜕𝑡

= −
1
𝜌
𝜕2𝑃
𝜕𝑥2

 (3.13)  

 
𝜕2𝜈
𝜕𝑥𝜕𝑡

= −
1
𝜌
𝜕2𝜌
𝜕𝑡2

 (3.14)  

Equating Equations (3.13) and (3.14) leads to: 

−
1
𝜌
𝜕2𝑃
𝜕𝑥2

= −
1
𝜌
𝜕2𝜌
𝜕𝑡2
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 𝜕2𝑃
𝜕𝑥2

=
𝜕2𝜌
𝜕𝑡2

 (3.15)  

From Equation (3.10) we know ∆𝑃 = 𝑐2∆𝜌. Substituting this into Equation (3.15) gives 

the desired form of the wave equation. Thus: 

 𝜕2𝑃
𝜕𝑥2

=
1
𝑐2
𝜕2𝑃
𝜕𝑡2

 (3.16)  

This is the pressure wave equation. 

3.5.2 d’Alembert’s solution of the wave equation 

The method of d’Alembert provides a solution to the one-dimensional wave 

equation that models the vibrations of a string: 

 𝜕2𝑃
𝜕𝑥2

=
1
𝑐2
𝜕2𝑃
𝜕𝑡2

 (3.17)  

The general solution can be obtained by introducing new variables 𝜉 and 𝜂 such 

that they satisfy the linear transformation 

 𝜉 = 𝑥 + 𝑐𝑡 (3.18)  

 𝜂 = 𝑥 − 𝑐𝑡 (3.19)  

From the chain rule, we obtain: 

 𝜕
𝜕𝑥

=
𝜕
𝜕𝜉

+
𝜕
𝜕𝜂

 (3.20)  

 𝜕
𝜕𝑡

= −𝑐
𝜕
𝜕𝜉

+ 𝑐
𝜕
𝜕𝜂

 (3.21)  
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Using Equations (3.20) and (3.21) to compute second derivatives: 

𝜕2𝑃
𝜕𝑥2

=
𝜕
𝜕𝑥

�
𝜕𝑃
𝜕𝑥
� 

 ⇒
𝜕2𝑃
𝜕𝑥2

=
𝜕2𝑃
𝜕𝜉2

+ 2
𝜕2𝑃
𝜕𝜉𝜕𝜂

+
𝜕2𝑃
𝜕𝜂2

 (3.22)  

And similarly we get,   

𝜕2𝑃
𝜕𝑡2

=
𝜕
𝜕𝑡
�
𝜕𝑃
𝜕𝑡
� 

 ⇒
𝜕2𝑃
𝜕𝑡2

= 𝑐2
𝜕2𝑃
𝜕𝜉2

− 2𝑐2
𝜕2𝑃
𝜕𝜉𝜕𝜂

+ 𝑐2
𝜕2𝑃
𝜕𝜂2

 (3.23)  

So substituting the respective values in Equation (3.17), gives us: 

 𝜕2𝑃
𝜕𝜉𝜕𝜂

= 0 (3.24)  

This equation can be solved by direct integration. First integrating w.r.t. 𝜉 gives us, 

 �
𝜕2𝑃
𝜕𝜉𝜕𝜂

𝑑𝜉 =
𝜕𝑃
𝜕𝜂

= 𝑐𝑜𝑛𝑠𝑡(𝜂) (3.25)  

where const(η) is an arbitrary function of η. Then integrate w.r.t. 𝜂 to obtain, 

 𝑃(𝜉, 𝜂) = 𝑓(𝜉) + 𝑔(𝜂) (3.26)  

where 𝑓(𝜉) is an arbitrary function of 𝜉 and 𝑔(𝜂) = ∫ 𝑐𝑜𝑛𝑠𝑡(𝜂)𝑑𝜂 

Finally replacing the values of 𝜉 and 𝜂 from Equations (3.18) and (3.19) we get, 

 𝑃(𝑥. 𝑡) = 𝑓(𝑥 − 𝑐𝑡) + 𝑔(𝑥 + 𝑐𝑡) (3.27)  
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This solution can be interpreted as two pressure waves moving in opposite directions 

along the x-axis with 𝑓(𝑥 − 𝑐𝑡) representing a right travelling wave and 𝑔(𝑥 + 𝑐𝑡) a left 

travelling wave with a constant velocity 𝑐. The general solution can be used to derive the 

d’Alembert solution of an initial value problem for waves in a tube of infinite length. 

3.5.3 Exact solution using initial conditions 

The initial pressure distribution and the initial rate of pressure are defined by the 

parameters𝜑(𝑥) and 𝜃(𝑥), respectively. The equations defining the initial conditions are 

 𝑃(𝑥, 0) = 𝜑(𝑥) (3.28)  

 𝑃𝑡(𝑥, 0) = 𝜃(𝑥) (3.29)  

From Equations (3.27), (3.28) and (3.29) we get: 

 𝑃(𝑥, 0) = 𝑓(𝑥) + 𝑔(𝑥) = 𝜑(𝑥) (3.30)  

 𝑃𝑡(𝑥, 0) = −𝑐𝑓′(𝑥) + 𝑐𝑔′(𝑥) = 𝜃(𝑥) (3.31)  

From Equations (3.30) and (3.31) we get: 

 𝑐𝑓(𝑥) + 𝑐𝑔(𝑥) = 𝑐𝜑(𝑥) (3.32)  

 −𝑐𝑓(𝑥) + 𝑐𝑔(𝑥) = � 𝜃(𝑠)𝑑𝑠
𝑥

−∞
+ 𝑐1 (3.33)  

Adding Equations (3.32) and (3.33) gives: 
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 2𝑐𝑔(𝑥) = 𝑐𝜑(𝑥) + � 𝜃(𝑠)𝑑𝑠
𝑥

−∞
+ 𝑐1 (3.34)  

Rearranging Equation (3.34): 

 𝑔(𝑥) =
1

2𝑐
�𝑐𝜑(𝑥) + � 𝜃(𝑠)𝑑𝑠

𝑥

−∞
+ 𝑐1� (3.35)  

Changing variables from 𝑥 → 𝑥 + 𝑐𝑡: 

 𝑔(𝑥 + 𝑐𝑡) =
1

2𝑐
�𝑐𝜑(𝑥 + 𝑐𝑡) + � 𝜃(𝑠)𝑑𝑠

𝑥+𝑐𝑡

−∞
+ 𝑐1� (3.36)  

Rearranging Equation (3.32)  

2𝑐𝑓(𝑥) = 2𝑐𝜑(𝑥) − 2𝑐𝑔(𝑥) 

 ⇒ 𝑓(𝑥) =
1

2𝑐
�𝑐𝜑(𝑥) −� 𝜃(𝑠)𝑑𝑠

𝑥

−∞
− 𝑐1� (3.37)  

Changing variables from𝑥 → 𝑥 − 𝑐𝑡: 

 ⇒ 𝑓(𝑥 − 𝑐𝑡) =
1

2𝑐
�𝑐𝜑(𝑥 − 𝑐𝑡) + � 𝜃(𝑠)𝑑𝑠

−∞

𝑥−𝑐𝑡
− 𝑐1� (3.38)  

From Equation (3.27)  

𝑃(𝑥, 𝑡) = 𝑓(𝑥 − 𝑐𝑡) + 𝑔(𝑥 + 𝑐𝑡) 

 ⇒  𝑃(𝑥, 𝑡) =
1

2𝑐
�𝑐𝜑(𝑥 − 𝑐𝑡) + 𝑐𝜑(𝑥 + 𝑐𝑡) + � 𝜃(𝑠)𝑑𝑠

𝑥+𝑐𝑡

𝑥−𝑐𝑡
� (3.39)  

Consider the case of an infinite tube in which the initial rate of pressure𝜃(𝑥) is zero. The 

initial conditions can then be represented by the following equation. 

 𝑃(𝑥, 0) = 𝜑(𝑥);𝑃𝑡(𝑥, 0) = 𝜃(𝑥) (3.40)  
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Using these relations in Equation (3.39) gives us the exact solution which is, 

 𝑃(𝑥, 𝑡) =
1
2

[𝜑(𝑥 − 𝑐𝑡) + 𝜑(𝑥 + 𝑐𝑡)] (3.41)  

The Equations (3.40) and (3.41) describes the initial and subsequent behavior of the 

pressure wave, respectively. Equation (3.41) can be interpreted as two pressure waves 

with constant velocity 𝑐 propagating in opposite directions along the x-axis. Figure 3.9 

illustrates the process of division and propagation of the pressure distribution in an 

infinitely long tube. 

 

 
Figure 3.9 Illustration of (a) Initial pressure distribution ( )xφ  and (b) division and propagation of a 

pressure wave  

3.5.4 Calculation of acoustic stress  

One of the equations required is the relationship between the pressure and the rate of 

change of displacement with distance. Consider a tube of cross-sectional area A in which 

a longitudinal wave is propagating along the tube. Let C and D be two planes at distances 

𝑥 and 𝑥 + 𝛿𝑥, as measured from an arbitrary origin which is constant for both (Figure 

3.10). After a certain amount of time has elapsed, let the instantaneous positions of these 

planes be C’ and D’, respectively. If the displacement of C is 𝑦 (along the x-axis), the 
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rate of change of displacement with distance is𝑑𝑦
𝑑𝑥

. The new positions of the planes will be 

(𝑥 + 𝑦) and�𝑥 + 𝛿𝑥 + 𝑦 + 𝑑𝑦
𝑑𝑥
𝛿𝑥�, respectively. 

 

Figure 3.10 Initial positions of two planes of the propagating wave in a tube (b) their instantaneous 

position at time t  

The change is volume will be given by 

∆𝑉 = 𝑉𝑓𝑖𝑛𝑎𝑙 − 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

⇒ ∆𝑉 = 𝐴 ��𝑥 + 𝛿𝑥 + 𝑦 +
𝑑𝑦
𝑑𝑥

𝛿𝑥� − (𝑥 + 𝑦)� − 𝐴[(𝑥 + 𝛿𝑥) − 𝑥] 

⇒ ∆𝑉 = 𝐴 �𝛿𝑥 +
𝑑𝑦
𝑑𝑥

𝛿𝑥� − 𝐴[𝛿𝑥] 

 ⇒ ∆𝑉 =  𝐴 �
𝑑𝑦
𝑑𝑥

𝛿𝑥� (3.42)  

Volume strain 

 ∆𝑉
𝑉

=
𝐴 �𝑑𝑦𝑑𝑥 𝛿𝑥�

𝐴[𝛿𝑥] =
𝑑𝑦
𝑑𝑥

 (3.43)  

Volume stress which gives acoustic pressure P will thus be  



97 
 
 

 𝑉𝑜𝑙𝑢𝑚𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 = 𝑃 = −𝐾 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑆𝑡𝑟𝑎𝑖𝑛 (3.44)  

 𝑃 = −𝐾 ∗
𝑑𝑦
𝑑𝑥

 (3.45)  

where 𝐸 is bulk modulus. The negative sign indicates that when pressure increases, the 

volume decreases. In the case of pressure waves we have according to the Newton-

Laplace formula 

 𝑐 = �
𝐾
𝜌

 (3.46)  

with 𝑐 as speed of the wave and 𝜌 as ambient density. So, substituting in Equation (3.45) 

we get, 

 𝑃 = −𝜌𝑐2
𝑑𝑦
𝑑𝑥

 (3.47)  

3.5.5 Pressure wave reflections 

The pressure reflection characteristics from open and closed ends are derived by 

imposing the boundary conditions and using the required equations.  

We have particle velocity as 

 𝑢 =
𝑑𝑦
𝑑𝑡

 (3.48)  

And, the acoustic pressure as derived in the previous section is given as 

𝑃 = −𝜌𝑐2
𝑑𝑦
𝑑𝑥
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The general solution of the pressure wave is given by Equation (3.27) 

𝑃(𝑥, 𝑡) = 𝑓(𝑥 − 𝑐𝑡) + 𝑔(𝑥 + 𝑐𝑡) 

Now, the boundary condition on the open end consists of zero pressure at the boundary. 

This can be enforced by superimposing on the incident pressure wave a similar pressure 

wave of opposite sign travelling in the opposite direction outside the tube at the same 

distance from the end as the incident wave. For the pressure wave reflecting from an open 

end, the pressure wave will reflect back with a changed sign as shown in Figure 3.11. 

 

Figure 3.11 (a) Incident pressure wave approaching the open end of the tube. (b) Similar pressure 

wave of opposite sign superimposed on the incident wave to enforce the boundary conditions. (c, d) 

Pressure reflections from the open end of a tube. The dotted line represents the superimposed wave. 

At the closed end, the boundary condition dictates that the velocity will zero. This 

can be achieved in a similar fashion as described above. The wave equation can also be 

expressed in terms of displacement y and its solution will be similar to Equation (3.27).  

(c) (d)

Pressure = 0

Open End
(a)

Pressure profile before reflection Pressure profile after reflection

(b)
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 𝜕2𝑦
𝜕𝑥2

=
1
𝑐2
𝜕2𝑦
𝜕𝑡2

 (3.49)  

 𝑦(𝑥, 𝑡) = 𝑓(𝑥 − 𝑐𝑡) + 𝑔(𝑥 + 𝑐𝑡) (3.50)  

If the wave is propagating in the positive x-direction i.e. 𝑦(𝑥, 𝑡) = 𝑓(𝑥 − 𝑐𝑡), then 

 𝑢(𝑥, 𝑡) = −𝑐𝑓′ (3.51)  

 𝑃 = −𝜌𝑐2𝑓′ (3.52)  

This implies that velocity and pressure have the same sign. 

Whereas for a wave propagating in the negative x-direction 𝑦(𝑥, 𝑡) = 𝑔(𝑥 + 𝑐𝑡), then 

 𝑢(𝑥, 𝑡) = −𝑐𝑔′ (3.53)  

 𝑃 = −𝜌𝑐2𝑔′ (3.54)  

Therefore, we see that velocity and pressure have the opposite polarity. For the velocity 

wave reflecting from a closed end, the wave will reflect back with a changed sign. Using 

Equations (3.51) to (3.54), we can plot the resultant changes in the pressure waves. A 

negative velocity wave travelling in the negative x-direction will correspond to a positive 

pressure wave in negative x-direction. The velocity wave travelling in positive x-

direction will corresponds to a pressure wave of the same sign. A more descriptive and 

qualitative explanation is given in the next section.  
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Figure 3.12 Illustrations of (a, b) velocity and (c, d) pressure reflections from the closed end of a tube. 

The dotted line represents the superimposed wave. 

3.5.6 Travelling pressure waves 

When a pressure wave travels along a column filled with a fluid medium such as air, 

plasma or liquids it produces rarefaction and compression; when it reaches the column 

end it is reflected. Understanding the pressure wave behavior helps us predict what 

occurs inside the fluid channel. Consider the simple case when a monochromatic plane 

sound wave is propagating down the length of a tube which has both open and closed 

ends. If a compression reaches the closed end, the pressure there is suddenly increased 

and a region of high pressure is created. The air molecules get pushed out of that region 

and travel along the pressure gradient in the direction opposite. Thus a compression wave 
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gets reflected as a compression wave (Figure 3.13). In the same manner, a rarefaction 

gets reflected from the closed end of the column without getting inverted. 

 

Figure 3.13 Pressure wave propagation through the column (a) approaching the closed end of the 

column (b) returning after reflection from the closed end 

However, the process is different for the reflection from the open end of the tube. 

When a sound wave reaches the open end of a tube, not only is it reflected but it is also 

inverted. If a rarefaction reaches the open end which is at atmospheric pressure, the 

pressure there is suddenly reduced and a partial vacuum created. Air molecules rush in to 

fill this void and the pressure at the open end is restored to atmospheric pressure. The air 

molecules that get drawn in have inertia and they continue moving into the tube and 

compress the air molecules already present. A compression is created, which propagates 

back down the air column away from the open end. A rarefaction in the incident wave 

becomes a compression in the reflected wave. Similarly, a compression in the incident 

wave becomes a rarefaction in the reflected wave. Figure 3.14 shows one cycle of a 

sinusoidal pressure wave travelling down an air column and being reflected at the open 

end. 
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Figure 3.14 Pressure wave propagation through the column (a) approaching the open end of the 

column (b) returning after reflection from the open end 

The propagation of the pressure wave in the fluid container follows the same principles.  

3.5.7 Dispensing theory  

The typical voltage pulse applied to the piezoelectric actuator is a trapezoidal 

waveform (Figure 3.15). The first part of the waveform is a ramp from low to high 

voltage levels and results is an expansion of the cross-section of the piezo element 

located at the center of the inkjet dispenser. This expansion causes the glass tube to bend 

outwards and a negative pressure wave is generated which splits up and propagates in 

opposite directions away from the center. This expansion is maintained until the next 

falling step of the waveform from high to low voltage which results in contraction. The 

time between the expansion and contraction is referred to as the dwell time. The 

contraction produces a positive wave which starts to propagate in opposite directions 

towards both the supply and the orifice ends. 
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Figure 3.15 Bipolar voltage waveform applied to the piezoelectric actuator. 

The boundary conditions of the ink channel can be simplified with the ink supply 

end being considered as an ideal open end and the jetting orifice can be modeled as an 

ideal closed end. This assumption is valid because the inner diameter of the reservoir is 

considerably larger than that of the squeeze tube of the jetting device and the nozzle 

opening is a small fraction of the cross-sectional area of the tube. When the traveling 

pressure wave reaches the supply end which it treats as an open end, it reflects with an 

opposite sign. On reaching the orifice of the jetting device, the pressure wave reflects 

without inverting as in the case of reflection from a closed end. 

Figure 3.16 illustrates a sequence of pressure pulse propagations and reflections. 

Upon the initial expansion of the capillary tube caused by a positive voltage ramp at 

initial time (set as 0), a negative pressure wave is generated. This negative pressure wave 

splits into two propagating waves with half the original amplitude and they travel in 

opposite directions, towards the supply and orifice ends. When the pressure waves reach 
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the ends, they reflect according to the reflection rules described above. The pressure 

wave reaching the orifice reflects with the same sign, but the wave reaching the supply 

end reflects and changes to a positive pressure wave. After time L/C, the pressure waves 

superimpose on each other at the center where L is the length of the dispenser and C is 

the speed of sound in the fluid. A negative voltage ramp applied at this instant, contracts 

the tube and generates a positive pressure wave. This cancels out the negative pressure 

wave and doubles the magnitude of the left propagating positive wave. When this 

reinforced wave reaches the orifice which is a constant pressure boundary, impedance 

mismatch occurs and the acoustic energy is converted to kinetic energy and drop ejection 

occurs. Thus, the optimal pulse width is L/C and drop ejection begins after a time period 

of 3L/2C after the initial voltage ramp. 

The residual pressure waves keep propagating in the channel and may cause 

unwanted drop ejections with a period of 4L/C (Figure 3.17). A positive voltage ramp 

after a period of 2L/C from initial expansion will generate a negative pressure wave 

which will damp out the positive contraction of the residual pressure waves. The time 

between the last negative contraction and this final positive expansion is referred to as the 

echo dwell. 

In practice, the optimum dwell time is determined experimentally as the 

parameters L and C might be unknown. The optimized dwell time corresponds to the 

maximum drop velocity and the dwell time is changed till this is achieved.  
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Figure 3.16 Illustration of pressure wave propagation and reflections in an inkjet dispenser detailing 

the drop ejection process 
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Figure 3.17 Illustration of pressure wave propagation and reflections in an inkjet dispenser detailing 

reflections of the residual waves 
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3.6 Experimental Section 

The overview of the various steps required for the deposition of inkjet-printed films 

is presented here. The following sections are dedicated to the description of each step of 

the fabrication process. 

3.6.1 Cleaning of the jetting device 

The orifice of the jetting device has a diameter of 80 microns and so is subject to 

clogging by contaminant particulates and solute aggregates. A strict cleaning protocol 

was maintained for thorough cleaning of the device to provide reliable jetting of fluids.  

 

Figure 3.18 Illustration of the vacuum back-flush method included in the cleaning procedure 
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To assist in the cleaning before the dispensing fluids, the three-component MJ-AL 

device is disassembled. The female luer fitting and the in-line filter are sonicated in 

micro-90 detergent solution and then in isopropanol (IPA) for two minutes each to 

remove any dust collected from the air. The female luer fitting is then attached to the 

device body and the tip of the device immersed sequentially in a series of solutions and 

vacuum back-flushed for 5 minutes each. Typically, the solutions used are 1.75 % 

solution of Micro-90 and IPA. The filter is then attached to the female luer fitting and 

purged with the above-mentioned solutions from the luer fitting side to remove 

contaminates. If the device is clogged and the above described procedures are 

unsuccessful in removing it, the back-flushing was tried with a heated solution. 

Immediately following the vacuum back-flush procedure, the three components are dried 

in an oven at 80°C for 30 minutes prior to use.  

The jetting solution is filtered before use and is maintained at 50°C to prevent the 

formation of aggregates. Also, the lint collected while the tip is swabbed to remove 

excess solution can be particularly troublesome and so hard, cone shaped sharp pointed 

cotton swabs (HUBY 340, Sanyo Co., Ltd) were used to minimize the contaminant. 

The cleaning process, carried out after the dispensing of the fluid, is to ensure the 

complete removal of any contaminants such as solute aggregates or lint. After dispersing 

the polymer solution, the jetting device is purged with the solvent by applying a large 

positive pressure to flush fluid through the device (Figure 3.18). This is done until most 

of the solution has been removed. Then the jetting device is taken out of the assembly 

and disassembled. After the disassembly, the luer fitting and the filter are sonicated in the 
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solvent used for 5 minutes to remove any residual solution. The various parts are vacuum 

back-flushed with the solvent. The parts are allowed to dry in the oven before storing 

them in a dust free environment.  

3.6.2 Setting up a jet 

After the printhead assembly has been mounted onto the printer and the reservoir 

filled, the process of setting up a jet and obtaining a steady stream of droplets is started. 

A voltage pulse is applied to the jetting device to stimulate the ejection of a droplet. For a 

linear bipolar voltage pulse, the piece-wise parameters include the rise, dwell, fall, echo 

and final rise times, and idle, dwell and echo voltages. Empirical results indicate that the 

drop velocity and volume is highest for some optimum dwell period. The drop volume 

and velocity also have a linear relationship with the pulse amplitude. If no drop is 

observed, the usual practice was to increase the pulse amplitude till jetting was observed. 

Then adjusting the various parameters by changing them one parameter at a time in steps 

of 10% till stable jetting was obtained. Another way to influence the drop formation is the 

gradual adjustments to the backpressure applied.  

 

Troubleshooting 

Intermittent jetting or the angular trajectory of a jet is a good indication of a 

clogged nozzle. If the debris is small, the jetting device is purged by applying a large 

positive pressure to flush fluid through the device and the debris is forced out. Another 

typical problem is the presence of satellites, smaller drops which appear with the main 
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drop, which can cause inhomogeneous printing. In most cases, high applied voltage was 

the primary cause of satellites. It can lead to the ejected volume being too large for one 

drop, causing it to break up into smaller droplets. High applied voltages can also cause 

the residual waves that still travel after the ejection of the main drop to have sufficient 

energy to eject fluid which forms the satellites. Since we are printing a film, satellite-free 

jetting was not essential, as long as the satellites are consistent and follow the trajectory 

of the main drop. In cases where the slow-moving satellites without a specific trajectory 

occur the voltage was reduced in increments until they are eliminated.  

A bipolar waveform with voltages of 13-18 V, and dwell times of 34-40 µs was 

used to print the P3HT:PCBM inks. A pressure of negative 0.2 to 0.4 psi was kept on the 

fluid in the reservoir. For each concentration of the P3HT:PCBM solution, the voltage 

was optimized for stable jetting. Also the dwell time was optimized by adjusting it until 

the drop velocity was maximized. The horizontal CCD camera with a strobe LED was 

used to measure the velocity. The CCD camera relayed the real-time position of the drop 

on the screen as it followed a downward trajectory. The reticule on the screen was 

calibrated (Least count = 35 µm) and the time taken for the drop to travel a known 

distance was determined by changing the strobe delay. The drop speed was calculated by 

taking the ratio of the distance travelled to the time taken and the minimum speed of the 

main drop used for printing was 2.00 m/s. 
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3.6.3 Printing patterns 

All the patterns used in this dissertation have been created using custom script files 

written employing the pattern editor program using a simple script language specific to 

the Jetlab program. Three basic commands were used in various permutations to get the 

desired patterns: moveto, array, set fly on. Their syntax and a brief description of their 

functions are provided below. 

set fly 

Syntax: set fly <state> <velocity>   

The set fly on will turn on printing on the fly during which the motion of the x 

and y stages are not stopped to dispense droplets. The specified velocity in mm/s 

will be used to print the pattern.  

moveto 

Syntax: moveto <x0> < y0> 

This command performs a move of the x and y axes to the specified target 

coordinates (x0 and y0 in mm). Moves of the x and y axes are coordinated, so 

both axes will finish their moves at the same time. 

array 

Syntax: array <dx> < nx> < dy> < ny> < angle> < directional_flag> 

A rectangular array is printed with the specified parameters starting from the 

position set with the preceding “moveto” command.   

The parameters in order are:  

1. dx: step size in x direction, in mm  
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2. nx: number of  points  in x direction  

3. dy: step size in y direction, in mm 

4. ny: number of points in y direction  

5. angle: angle  of  rotation  about  the  starting  point, in degrees  

6. directional_flag: flag to indicate if rows are to be printed forth and back or 

“bi-directional” (1) or not i.e. for printing all rows in the same direction (0). 

Films have been printed at different velocities from 5 to 50 mm/s. The increase in 

the print velocity decreases the film uniformity and therefore most of the print patterns 

are printed at 5 mm/s. The step size determines the overlap ratio of the drops. The typical 

diameter of the deposited drops is 100 µm. A step-size of 0.08 mm causes an overlap of 

20 %. For patterns which require no overlap the step size is kept equal to greater than 0.1 

mm. The bidirectional mode of printing has been used for all the printing done, since it is 

more time efficient as the printhead does not have to travel back to the original x 

position.  

A generic example the script file used is: 

 

Figure 3.19 Example of a simple script file used for printing 
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The lines of the script file can be interpreted as follows: 

Basic printing example as a script  

This is the title of the script program. 

set fly on 5.0 

The set fly on turns on printing on the fly and the specified velocity of 5 mm/s is 

used to print the pattern. 

moveto 0.0 0.0 

The “moveto” command performs a move of the x- and y-axes to the target 

coordinates of (0.0 mm, 0.0 mm).  

array 0.10 100 0.10 50 0 1 

A rectangular array is printed with the specified parameters starting from the 

position (1.0 mm, 1.0 mm).   

moveto 0.0 0.0 

The “moveto” command again moves the x- and y-axes to the (0.0 mm, 0.0 mm) 

coordinates. 

array 0.10 100 0.10 50 0 1 

A rectangular array is yet again printed with the specified parameters starting 

from the position (0.0 mm, 0.0 mm).   

 

Consequently, this script file will print two 10 X 5 mm2 rectangular arrays stacked 

coincident on each other with a drop spacing of 0.1 mm in x and y directions, as seen 

from the pattern monitor window (Figure 3.20). 
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Figure 3.20 Pattern monitor window, with the completed pattern corresponding to the example script 

file  

Limitation (Loss of range for printing) 

For a reliable drop placement during printing on the fly, the x and y stages need to 

move at constant speed during dispensing the drops. Thus, there is a distance 𝑠𝑎𝑐𝑐 over 

which the printhead accelerates to those constant velocities and the deceleration from 

them, that is lost for printing.  

Given the acceleration a and final velocity v, this distance is 

𝑠𝑎𝑐𝑐  =
𝑣2

2𝑎
 (3.55)  

which the jetlab program in many cases will increase by a safety margin of up to 20%. 

While planning printing jobs, a conservation assumption is that the unprintable band 

around the perimeter should be ( 𝑠𝑎𝑐𝑐 =)0.6𝑣2/𝑎 wide. 



115 
 
 

3.7 References 

1. F. Savart, Mémoire sur la constitution des veines liquides lancées par des orifices 

circulaires en mince paroi. Annales de Chimie et de Physique. 1833. 53: p. 337-

386. 

2. M.T. Plateau, On the recent theories of the constitution of jets of liquid issuing 

from circular orifices. Philosophical Magazine Series 4, 1856. 12(79): p. 286-297. 

3. L. Rayleigh, On the instability of jets. Proceedings of the London Mathematical 

Society, 1878. s1-10(1): p. 4-13. 

4. T. Young, An essay on the cohesion of fluids. Philosophical Transactions of the 

Royal Society of London, 1805. 95: p. 65-87. 

5. P.S. Laplace, Traite de Mechanique Celeste. Vol. 4, Supplements au Livre X. 

1805, Paris: Courier. 

6. R.G. Sweet, High frequency recording with electrostatically deflected ink jets. 

Review of Scientific Instruments, 1965. 36(2): p. 131-136. 

7. C.W. Hansell, Jet sprayer actuated by supersonic waves. 1950: US Patent 

2,512,743. 

8. S.I. Zoltan, Pulsed droplet ejecting system. 1972: US Patent 3683212. 

9. Stemme, Arrangement of writing mechanisms for writing on paper with colored 

liquid. 1973: US Patent 3747120. 

10. E.L. Kyser, Method and apparatus for recording with writing fluids and drop 

projection means therefor. 1976: US Patent 3946398. 



116 
 
 

11. H.-S. Koo, M. Chen, and P.-C. Pan, LCD-based color filter films fabricated by a 

pigment-based colorant photo resist inks and printing technology. Thin Solid 

Films, 2006. 515(3): p. 896-901. 

12. B.J. de Gans, P.C. Duineveld, and U.S. Schubert, Inkjet printing of polymers: 

State of the art and future developments. Advanced Materials, 2004. 16(3): p. 

203-213. 

13. H.S. Koo, et al., Fabrication and chromatic characteristics of the greenish LCD 

colour-filter layer with nano-particle ink using inkjet printing technique. 

Displays, 2006. 27(3): p. 124-129. 

14. E. Fisslthaler, et al., Inkjet printed polymer light-emitting devices fabricated by 

thermal embedding of semiconducting polymer nanospheres in an inert matrix. 

Applied Physics Letters, 2008. 92(18): p. 183305. 

15. C.-H. Tien, C.-H. Hung, and T.-H. Yu, Microlens arrays by direct-writing inkjet 

print for LCD backlighting applications. Journal of Display Technology, 2009. 

5(5): p. 147-151. 

16. D.L. MacFarlane, et al., Microjet fabrication of microlens arrays. IEEE Photonics 

Technology Letters, 1994. 6(9): p. 1112-1114. 

17. T. Goldmann, and J.S. Gonzalez, DNA-printing: Utilization of a standard inkjet 

printer for the transfer of nucleic acids to solid supports. Journal of Biochemical 

and Biophysical Methods, 2000. 42(3): p. 105-110. 



117 
 
 

18. A.V. Lemmo, D.J. Rose, and T.C. Tisone, Inkjet dispensing technology: 

applications in drug discovery. Current Opinion in Biotechnology, 1998. 9(6): p. 

615-617. 

19. Y. Li, et al. Integration of sensors and inkjet-printed RFID tags on paper-based 

substrates for UHF "Cognitive Intelligence" applications. 2007 IEEE Antennas 

and Propagation Society International Symposium, 2007. 

20. D. Pech, et al., Elaboration of a microstructured inkjet-printed carbon 

electrochemical capacitor. Journal of Power Sources, 2010. 195(4): p. 1266-1269. 

21. H.S. Kim, et al., Inkjet printed electronics for multifunctional composite structure. 

Composites Science and Technology, 2009. 69(78): p. 1256-1264. 

22. A.D. Taylor, et al., Inkjet printing of carbon supported platinum 3-D catalyst 

layers for use in fuel cells. Journal of Power Sources, 2007. 171(1): p. 101-106. 

23. H. Sirringhaus, et al., High-resolution inkjet printing of all polymer transistor 

circuits. Science, 2000. 290(5499): p. 2123-2126. 

24. D.B. Bogy and F.E. Talke, Experimental and theoretical study of wave 

propagation phenomena in drop-on-demand ink jet devices. IBM Journal of 

Research and Development, 1984. 28(3): p. 314-321. 

 

  



118 
 
 

4. Experimental Techniques, Materials Characterization, and Device 

Fabrication 

4.1 Introduction 

In this chapter a description of the materials used and the experimental techniques 

in their characterization is presented. An overview of the equipment required in 

producing the Organic Photovoltaics (OPV) devices and their operation is supplied for 

reference. The processes used in the fabrication of OPV organic photovoltaic devices are 

discussed; including cleaning procedures, deposition of solution processable layers, 

physical vapor deposition and post treatment processes. The electrical characterization 

setup used to test the performance of fabricated devices is reviewed in detail. 

4.2 Materials 

A typical organic Bulk Heterojunction (BHJ) OPV cell consists of a photoactive 

layer sandwiched between two different electrodes, one of which should be transparent in 

order to allow the incoming photons to reach the photoactive layer, as seen in Figure 4.1.  

The materials used to fabricate the various kinds of OPV devices are introduced in this 

section. Their chemical properties and structures are given for reference. The majority of 

materials were used as received; any additional treatment or modification is detailed. 
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Figure 4.1 Cross-sectional scheme of the typical OPV structure used 

4.2.1 Active layer materials 

The photoactive layer used in this dissertation is a blend of two organic 

semiconductors with different electron affinities, needed to dissociate excitons to free 

charge carriers in OPVs. The electron donating semiconductor used in this dissertation is 

a conjugated polymer, regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) (Figure 4.2). 

It is typically defined by the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels at -5.2 eV and -3.2 eV, respectively, with 

an optical band gap of 2.0 eV [1]. Its molecular weight MW is ~ 87000, and the head-to-

tail regioregularity is ~ 98%  (Sigma-Aldrich). 
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Figure 4.2 Chemical structures of semiconductors P3HT (electron donor) and PCBM (electron 

acceptor) 

Buckminster-fullerene (C60) is an excellent n-type material due to its various 

intrinsic advantages. First, it possesses a relatively low-lying LUMO energy level which 

is thermodynamically favorable to accepting electrons from an excited p-type material. 

Second, the electrochemistry of triply degenerate C60 shows six reversible one-electron 

reductions, reflecting the good electron acceptor property [2].  Finally, the primary 

photoexcitation is an ultrafast electron transfer from a conjugated polymer to a C60 

derivative that occurs in a time scale of 45 fs, which is several orders of magnitude faster 

than the radiative decay of photoexcitation or back electron transfer [3]. As a result, the 

quantum efficiency of charge separation approaches unity. However, the tendency to 

crystallize and the limited solubility of C60 in organic solvents hinder direct applications 

in inexpensive solution-based processing techniques. [6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM),a soluble derivative of C60 synthesized by Wudl and Hummelen in 

1995 is the most ubiquitously used acceptor for current BHJ solar cell research (Figure 
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4.2) [4].Finally, PCBM also exhibits very high electron mobility with measured values in 

the order of 10-3  cm2  V-1 s-1 [5, 6]. 

All the semiconductors used throughout this dissertation were obtained from 

Sigma-Aldrich and used as received without any further purification. To study the device 

performance, blend solutions of P3HT:PCBM were prepared in the host solvent, 

chlorobenzene (CB) with the weight ratio of 1:0.68. The solutions were prepared in 

ambient atmosphere and rigorously stirred for more than 4 hours on a hot plate 

maintained at 50°C. 

4.2.2 Hole transport layer (HTL) 

 

Figure 4.3 Chemical Structure of PEDOT:PSS 

Poly (3,4-ethylenedioxythiophene) (PEDOT) is a conjugated polymer which 

when doped with poly(styrenesulfonate) (PSS) becomes highly conductive, stable and 
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water soluble and is highly transparent in the region between 350 and 900 nm [7-9] 

(Figure 4.3). PEDOT:PSS dispersed in water can easily be deposited forming transparent 

films that have high electrical conductivity (typically 0.05–10 S/cm) and, thus, low sheet 

resistance. The improvement of the device performance after PEDOT:PSS layer 

application may be attributed to a number of factors in either spatial or energy regimes 

[10]. In the spatial regime the PEDOT:PSS layer has been found to smoothen  the surface 

roughness decreasing the formation of pin-holes. In the energy regime, the work function 

of PEDOT:PSS (5.2 eV)  lies between the work function of ITO (4 .8 eV) and the HOMO 

levels of most organic donor materials. This intermediate level appears to facilitate the 

hole transfer between the polymer and the ITO. PEDOT:PSS (Clevios™ PH 1000) is 

used as hole transport layer in this dissertation.  

4.2.3 Electrode materials 

4.2.3.1 Indium tin oxide (ITO) 

Indium tin oxide (ITO) is a composite solid solution of indium oxide (In2O3) and 

tin oxide (SnO2), typically in the ratio of 9:1 by weight. It has a work-function of 4.8 eV 

and is used as the anode material in some of our experiments. ITO is used in the form of 

ITO coated glass slides (Sigma-Aldrich). The glass is an unpolished soda lime float glass 

with a thin coating of SiO2 (passivized, 200-300 Å) followed by the ITO (thickness 

1,200-1,600 Å) with a typical sheet resistivity of 8-12 Ω/sq. and an optical transparency 

greater than 85% at 500 nm (part # 703192).  
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4.2.3.2 Silver (Ag) / Gold (Au) 

Thin semi-transparent gold (Au) and silver (Ag) films have been used as anodes 

because they have the dual advantage of being more conductive and more flexible than 

ITO. A simple physical vapor deposition process is developed using the evaporator 

system for Ag and Au resulting semi-transparent (25 – 40% at 500nm) thin films with 

sheet resistances as low as 2 Ω/square. The work functions of Au and Ag are 5.1 eV and 

4.5 - 4.7 eV, respectively.  The silver (Ag) and Chromium (Cr) used in the fabrication of 

thin film electrodes are purchased from Kurt J. Lesker. The gold (Au) used is purchased 

from Cerac Incorporated.  

4.2.3.3 Aluminum (Al)  

Al is typically used as the cathode material for OPV devices because its work 

function of 4.3 eV is sufficient for extracting electrons from the fullerene derivatives. 

Aluminum is used exclusively throughout this work as the cathode material deposited by 

thermal evaporation.  Aluminum pellets used is purchased from Kurt J. Lesker.  

4.3 Fabrication and Characterization Equipment 

4.3.1 Ultraviolet visible (UV-Vis) optical absorption and transmission of materials 

Ultraviolet visible absorption spectroscopy is an analytical technique used to 

determine the degree of absorption of ultraviolet/visible radiation by a sample. Analyzing 
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the absorption and emission profiles corresponding to the electronic energy level 

transitions, we can determine various properties of these sample materials.  

In terms of this dissertation, the study of conjugated polymers using UV-Vis 

absorption spectroscopy can improve our understanding and ascertain the suitability of a 

material to be the active layer in a photovoltaic device. By comparing the absorption 

spectrum of a thin film of the material with that of the solar irradiation spectrum we can 

estimate the amount of sunlight that will be harvested within that potential active layer. 

UV-Vis spectroscopy is also involved in the determination of the effects of different 

processing conditions (detailed later on in this text) on the active layer. The complex 

absorption spectra of the active layer blend and the absorption peak gives us information 

about the active layer crystallinity [11]. 

All the optical absorption and transmission spectroscopy of materials presented in 

this dissertation is performed using an Ocean Optics model HR2000+ UV-Vis 

spectrometer. The Mikropack DH-2000-Bal deuterium tungsten halogen light source with 

a wavelength range from 215-2000 nm is used. The tungsten halogen lamp acts as the 

source for the infra-red and visible range, while the deuterium lamp is the source for the 

ultraviolet range. A schematic representation of the pathway of light through the optical 

bench of the HR2000+ Spectrometer is shown in Figure 4.4. The light enters the optical 

bench via the SMA connector and the slit which is set to 25 µm and then passes through a 

filter which restricts optical radiation to pre-determined wavelength regions. The light is 

then focused via the collimating mirror onto the grating which diffracts the light. The 

diffracted light is directed to the focusing mirror which focuses it onto the detector 
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collection lens which reduces the effect of stray light. The light is finally collected by the 

CCD detector which converts the optical signal to a digital one and interfaces with the 

computer software. 

 

Figure 4.4 Schematic diagram of the optical system of the HR2000+ UV-Vis spectrometer  (Redrawn 

from [12].) 

The experimental set-up is illustrated in Figure 4.5. First the light from the source 

is incident on the sample via an optical fiber. The light transmitted through the sample is 

collected by another optical fiber which is connected to the spectrometer. The 

spectrometer is interfaced with the computer. The data is recorded using the manufacturer 

supplied software package Spectra Suite. The same experimental set up is used for both 

absorption and transmission studies.  
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Figure 4.5 Experimental set up of UV-Vis spectroscopy measurements 

4.3.2 UV / O3 treatment 

The UV / O3 system (PSD Series digital UV Ozone system, Novascan) utilizes a 

strong UV light source (185 and 254 nm) to ionize the oxygen in the ambient air creating 

a significant amount of O3. The O3 reacts with almost any surface it comes into contact 

with.  It removes residual organic contamination traces leaving an extremely clean 

surface. In case of ITO, it also causes the surface to become more hydrophilic. 

 

 

Figure 4.6 Diagram of the Novascan PSD ozone treatment system 
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4.3.3 Substrate cleaning  

The cleaning of the substrates is extremely important especially considering that 

the fabrication is done outside a cleanroom environment and the deposited layers are 

ultra-thin. Ultra-sonication in various treatment baths is used to remove possible 

contaminants and particulates such as oil, lint, and dust from the air. The presence of 

these particles on the substrate lead to pin-hole defects in the active layer and 

consequently electrical shorts across the device created during electrode evaporation 

leading to reduced device performance. 

4.3.4 Spin-coating system 

Spin-coating is the most widely used film-forming technique used for the 

fabrication of OPVs due its ability to reproducibly generate homogeneous thin films of 

organic materials onto flat substrates [13, 14]. The typical spin-coating process involves 

the deposition of a small amount of fluid onto the substrate followed by acceleration of 

the substrate to a required rotation speed (Static Mode). An alternative approach is to 

deposit the fluid onto a rotating substrate (Dynamic Mode). The centrifugal force causes 

most of the fluid to be ejected off the edge of the substrate leaving a thin film of the 

organic material on the surface. Once at the high spin speed, the layer becomes thinner 

and smoothens out over time until it is almost completely dry as the solvent evaporates. 

This method is first described and the basic physics worked out by Emslie et al. [15]. For 

a given set of parameters such as concentration of the solution, acceleration and spin 

http://en.wikipedia.org/wiki/Thin_film
http://en.wikipedia.org/wiki/Substrate_(printing)
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speed the films produced are highly reproducible in terms of thickness, morphology and 

surface topography. The final film thickness, t, of the spin-coated film can be expressed 

by the empirical relationship:  

𝑡 = 𝑘𝜔𝛼 

where ω is the angular velocity, and k and α are empirical constants related to the 

physical properties of the solvent, solute, and substrate [14]. 

 

Figure 4.7 (a) Diagram of a spin-processing unit. Schematic representation of the three steps of a 

spin-coating process: (b, c) Dispensing of solution onto the flat substrate (d) Acceleration of the 

substrate upto the required rotation speed (e, f) Rotation of the substrate at a constant speed which 

leads to spreading of the solution to a form a uniform thin film (ω = angular velocity) . 

The spin coating of polymer layers is carried out using a Laurell WS-400B-

6NPP/LITE Spin Coater which is shown in the inset of Figure 4.7. The technique 

employed in this dissertation is static deposition. Once the material is deposited onto the 

substrate, a process controller capable of storing and controlling spin-coating process 

steps consisting of run time and acceleration rate and spin speeds is activated. The most 
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simple spin-coating process programs typically consists of an acceleration step (~ 500 

rpms-2), followed by an interval at a high spin speed (500 – 4000 rpm) and then a 

deceleration to rest at the end of the program.  

4.3.5 Resistive thermal evaporation system 

 

Figure 4.8 Custom built thermal evaporator system bell jar configuration diagram. 

Resistive thermal evaporation is a one of the most commonly used methods of 

thin film deposition. The deposition technique consists of heating the source material to 

sufficiently high temperatures until evaporation or sublimation takes place (Figure 4.8). 

The thermal evaporator is used to deposit thin films of metals such as Cr, Au and Ag as 

well as relatively thicker films of Al. The thermal evaporator basically consists of a 
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vacuum pump and a tungsten resistive boat containing the material to be deposited.  In 

vacuum thermal evaporation, the substrates are loaded in the deposition chamber and 

pumped down to high vacuum. Once the appropriate high vacuum of less than 10-5 mbar 

is achieved, the tungsten filament is heated in a controlled manner by passing current. 

Typical values for the minimum current required to evaporate each of these metals is 

listed in Table 4.1. When the source material starts to sublimate or evaporate, the shutter 

provided in the vacuum chamber is moved to the side and the target substrate is exposed 

to the vapor materials which condense on the available surfaces. The deposition rate and 

hence the thickness of the films can be controlled, by changing the power supplied to the 

tungsten boat heater. A shadow mask is used to pattern the deposited films. The mask is 

placed very close to the substrate to prevent unwanted shadow effects. After the film 

deposition, the deposition chamber is vented using nitrogen to prevent the reaction of the 

films in ambient environment. This is true especially for the Al cathode, which degrades 

to Aluminum oxide once exposed to atmospheric gases. If not used immediately, the 

films are stored in a nitrogen-filled desiccator. 

Metal Temp. of boat required Minimum Current required 

Chromium 977°C 40 A 

Gold 947°C 28 A 

Silver 685°C 21 A 

Aluminum 812°C 25 A 

Table 4.1 List of metals used in the fabrication of devices in this study and their properties relevant 

for resistive thermal evaporation [16]. The vacuum chamber pressure is below 1x10-5 mbar. 
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Throughout this work electrode deposition is carried out using a custom built 

thermal evaporation system. It consists of a glass bell jar which is sealed using a rubber 

gasket to a stainless steel custom designed face-plate. The face plate has a number of 

feedthroughs including: one for venting the sample chamber; four ceramically isolated 

electrical wires used to operate the electrical shutter and resistance monitor and two 

copper feedthrough posts used during evaporation. The copper feedthrough posts are 

modified to hold a tungsten wire evaporation basket (EVB2040W - Kurt J. Lesker) 

containing the source material. It is resistively heated by a high current source (ZUP20-40 

- TDK lambda) and can reach temperatures as high as 1800 ͦC under vacuum at an applied 

current of 36 A. An electrically powered motor is incorporated into the sample stand in 

order to actuate a metal shutter mechanism which shields the samples from the initial 

oxidized and contaminated metals during the early stages of evaporation. A double-pull-

double-throw (DPDT) switch attached to a 12 V power supply is used to move the shutter 

in two directions allowing for accurate movement and positioning. The sample stand is 

also used to position a sample holder having a conical geometry designed to position each 

device substrate at an equal distance from the point source. This ensures that the 

deposited film is uniform across the entire substrate area. 

The face-plate is connected to the vacuum system by means a manually actuated 

gate-valve (Kurt J. Lesker) to isolate the sample chamber from the pumping station. Two 

compact full range gauges (PKR 251 - Pfeiffer Vacuum) are placed above and below the 

gate-valve so that the pressure in the system may be monitored when the gate-valve is 

open or closed. The range gauges are connected to a dual-channel measurement and 
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control unit which the displays the system pressure on an LCD screen. The gate-valve 

opens to a combined turbo-molecular and roughing pump system (HiCube 80 Eco – 

Pfeiffer Vacuum) which is capable of pumping down the system to a final pressure of 1 x 

10-6 mbar. This is higher than the rated pressure (1 x 10-7 mbar) for the pumping station 

due leaking at the various seals and degassing of the internal surfaces of the system. 

Our custom setup does not have a crystal thickness monitor installed to precisely 

control the thickness of the thermally evaporated films, however, the deposition of Al for 

the cathode does not require an extremely accurate control for thickness. The resistance 

of the thick Al layer is more important and as such, a resistance monitor is developed and 

incorporated into the thermal evaporation system. The resistance monitor consists of a 

cleaned glass slide attached to two electrodes connected to two of the electrical 

feedthroughs across which the resistance could be measured by a multimeter externally. 

4.3.6 Polycarbonate glovebox system  

 

Figure 4.9 Diagram of the glovebox system 

A glovebox is necessary in order to protect the sensitive Al layer from degrading 

in the presence of oxygen and moisture. A polycarbonate glovebox (Terra Universal) is 
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modified to allow for additional recycling of the inert gas atmosphere. The gas in a 

glovebox is pumped through three molecular sieve drying columns before it is re-

introduced in the glovebox. The molecular sieves remove water by adsorbing it in the 

molecular sieves pores. A low flow of inert gas (1 standard cubic cm per minute [sccm]) 

is applied to the system to maintain positive pressure. The gas recycling and drying 

system allowed the glovebox system to reach a relative humidity (RH) of ~7% which 

greatly improves the device environment compared to ambient conditions ranging from 

50 – 70 % RH. 

4.3.7 Atomic force microscopy (AFM) 

 

Figure 4.10 A schematic of AFM in the tapping mode. 
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The atomic force microscope (AFM) invented by Binning and Rohrer [17] is 

revolutionized when a vibrating probe is used to generate a topographical image of a 

surface [18]. When the oscillating micro-cantilever probe is raster scanned over the 

sample to map the surface topography, the tip-sample interactions cause a deflection of 

the cantilever according to Hooke’s law. These interactions can be characterized by the 

amplitude, the resonance frequency and the phase shift of the tip oscillation. When the 

oscillation amplitude is used as a feedback parameter for the loop to control the tip–

sample separation distance, the mode of operation is known as the tapping mode or 

amplitude modulation AFM (AM-AFM). The stiff cantilever is excited at or near its free 

resonance frequency and the feedback loop maintains the oscillatory amplitude at a pre-

determined set-point. On the other hand, in frequency modulation mode (FM-AFM) the 

cantilever is kept oscillating with a fixed amplitude at its resonance frequency. This 

resonance frequency will be affected by the tip-sample interactions. The surface profile is 

obtained by comparing the actual resonance frequency to that of the free lever. Optical 

detection is widely used to monitor cantilever deflection. This technique entails aligning 

a laser onto the microcantilever, which reflects the beam into a photosensitive detector. 

All  the  AFM  measurements  taken  by  the  DI  3000  AFM  are  done  in  the 

tapping  mode in  air. Figure 4.10 shows a schematic of an AFM in the tapping mode. For 

tapping mode AFM, primarily silicon probes with spring constant 20 – 100 N/m are used. 

Their resonant frequency usually is 300 kHz. The cantilever length is ~ 125 μm and the 

tip radius is ~ 5 - 10 nm. To enhance the  reflected  signal  from  the  back  of  the  

cantilever,  they  are  coated  with  a reflective metal coating.  
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4.3.8 Profilometer  

A profilometer is an instrument used to quantify the surface profile by scanning a 

diamond-tipped stylus across the sample. The contact force between the stylus and the 

surface is kept constant as it moves laterally across the sample for a specified distance. 

The vertical displacement of the stylus due to surface variations generates an analog 

signal which is converted into a digital signal and stored as a function of position. The 

resolution of the measurement is dependent on the radius of the stylus and the geometries 

of the features. It is a very useful tool to investigate the surface profiles of the deposited 

films over large horizontal length scales (typically 400 microns). The profilometer also 

provides data on deposited film thickness.  

 

Figure 4.11 Digital image of the AlphaStep 200 Profilometer 
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All profilometry measurements presented in this dissertation are obtained with an 

Alpha-Step 200 Profilometer. The AlphaStep 200 is equipped with a standard stylus of 

12.5 micron radius and has 5 Å and 400 Å vertical and horizontal resolution, respectively. 

The scan length can vary from 80 microns up to 10,000 microns. The Alphastep 200 has 

a video monitor which displays a magnified view of the sample and stylus during the 

scan and after the scan has been completed, scan profile is displayed along with a 

summary of relevant scan characteristics. Various parameters such as the height and the 

width of the structures can be obtained directly from the graphical interface by proper 

postponing of the cursors. The data can also be exported via a computer interface as text 

files. The text files are the analyzed by customized macros in Microsoft Excel.  

4.3.9 Fabricating organic photovoltaic devices 

This section details the typical protocol used to fabricate photovoltaic devices 

using spin-coating as well as inkjet-printing as deposition techniques. Device fabrication 

can be broken down into several steps: substrate preparation, deposition of active layer 

and evaporation of the top electrode. Each of these steps must be carried out meticulously 

to achieve a working device and reproducible results.  
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4.3.10 Cell geometries  

 

Figure 4.12 Schematic of different cell geometries used for the fabrication of OPVs 

Three cell geometries are employed during various experiments done (Figure 

4.12). The first is used on the ITO, Au, and Ag slides when the photoactive layer 

deposition is done by spin-coating. The second pattern is during the fabrication of OPVs 

using inkjet-printing. A smaller strip width of the P3HT:PCBM sufficed for the second 

geometry, so a shorter time is required for the deposition process making it a more 

economical and efficient design. Both the patterns allowed 10 independent cells to be 

made on the same slide. The third pattern is used when large area OPVs are fabricated. It 

also provided for a small area OPV on the same slide for comparison purposes.  

The area of each OPV is defined by the area of the cathode which overlaps the 

anode. This feature also gave us more freedom to change the pixel size and geometry by 

using different shadow masks for Al evaporation. A top contact interconnector (Al) that 

is equidistant to all OPVs is evaporated on top of the exposed anode bottom contacts. The 

Al layer with low resistance greatly reduced the energy lost due to the high resistance, of 

the ITO layer. It also has the added advantage of equalizing the distance needed to travel 

for the current (holes) to reach the collector for all the OPVs.  
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4.3.11 Substrate preparation 

The choice of substrate for the OPV device is not trivial and their preparation is 

extremely important for obtaining reproducible results. Three different materials are used 

as anodes: ITO, Au and Ag. These materials require distinctive handling procedures and 

they have been described below.  

4.3.11.1 ITO-glass substrates 

The configuration of the OPVs using glass coated with the transparent conductor 

ITO as the anode is shown in Figure 4.13. The cell is illuminated through the glass which 

also supports the OPV and is a part of the encapsulation making this a superstrate 

configuration. The first step of the fabrication step is the etching of the ITO to define the 

transparent electrode. The ITO glass is then thoroughly cleaned to prepare it for 

subsequent deposition of organic layers and cathode evaporation. Each of these processes 

is explained in more detail below. The ITO-coated glass slides are obtained Sigma 

Aldrich. The glass is an unpolished soda lime float glass with a thin coating of SiO2 

(passivated, 200-300 Å) followed by the ITO (thickness 1,200-1,600 Å) with a sheet 

resistivity of 8-12 Ω/sq. (part # 703192). Because the ITO-coated glass comes in 

convenient 25 mm × 25 mm × 1.1 mm size, the ITO-glasses are used directly without any 

need for further cutting.  
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Figure 4.13 Schematic diagram of an organic photovoltaic  

Next, strips are masked off for the etching process by applying a 20 mm wide 

strip of Scotch tape on one side of the ITO slide along the entire length. For etching, the 

substrates are kept on a glass petri dish and lightly dusted with Zinc powder. Then 18 % 

HCl (aqueous) solution is poured on top and this induced a chemical reaction which 

etched the exposed ITO. After 10-20 seconds, the substrates are removed from the 

etching solution and rinsed with water. The Scotch tape is removed to reveal the 

remaining ITO electrode. 

Finally, the substrates are thoroughly cleaned in three ultrasonic baths, each 

lasting 15 minutes. The first bath is of 1.5 % aqueous, alkaline cleaner (Micro-90) 

followed by baths of DI water, and isopropanol. After these baths, the substrates are 

blown dry with nitrogen before proceeding. In the cases when substrates are not used 

immediately after the full cleaning, they are stored in the glovebox, cleaned in an 

ultrasonic bath of isopropanol for 15 minutes, and blown dry with nitrogen immediately 

prior to use. 
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4.3.11.2 Au-substrates 

The important properties for the uncoated substrate are the adhesion of the 

deposited electrode and the optical transparency and conductivity of the final coated 

substrate. The first step of the fabrication process is the cleaning of the microscope cover 

glass (Fisher). They are cleaned using the procedure mentioned before and dried using 

nitrogen. Successive layers of Chromium (Cr, 99.998%, Kurt Lesker) (~ 5 nm) and Au 

(99.999%, Kurt Lesker) (~ 20 nm) are thermally evaporated through a shadow mask onto 

the cleaned glass slides at a pressure of   ̴ 10−6 mbar using process parameters described 

in Section 4.4.4.  The deposition is carried out using a one-filament system and vacuum is 

broken between deposition of Cr and Au. Two separate tungsten wire baskets are used to 

prevent cross-contamination of the metals. The Cr layer was kept very thin so as to not 

reduce the transmittance of the Au films deposited on top of it. 

4.3.11.3 Ag-substrates 

The planarized polyethylene naphthalate (PEN) substrate of thickness 125 mm 

(DuPont Teijin Films) are cleaned using the procedure mentioned before and dried using 

nitrogen. Thin films of Ag (Ag, 99.99%, Kurt Lesker) are deposited on the PEN film by a 

thermal evaporator at pressure   ̴10–6 mbar. The UV treatment time for the Ag films 

before PEDOT:PSS deposition was reduced to 2 mins to protect the Ag film from losing 

adhesion to the glass substrate. 



141 
 
 

4.3.12 Deposition of solution processable materials 

The cleaned substrates are subsequently treated with ozone plasma for a period of 

time to make the surface more hydrophilic and ensureing the aqueous PEDOT:PSS 

solution adheres well. Spin-coating is carried out immediately after the UV-O3 treatment 

to minimize the re-contamination of the surface. The PEDOT:PSS solution is warmed up 

to room temperature and is filtered through a 0.20μm filter (Corning) to reduce 

aggregates. A small amount of the filtered solution is deposited using a micro-pipette 

onto the substrate which is spin-coated at a predefined spin speed for 3 minutes, forming 

a very thin layer (~50 nm). Excess PEDOT:PSS is rubbed off carefully with a cotton 

swab. The PEDOT:PSS coated substrate  is dried in an 80 °C oven for 1 h in order to 

remove the remaining water from the PEDOT: PSS layer, that can cause degradation of 

the device. The thickness of the PEDOT: PSS layer is typically 50 - 80 nm.  

The photoactive blend is prepared by stirring P3HT and PCBM in 1:0.68 wt. ratio 

in chlorobenzene at a concentration of 12 g/l. This blend is subsequently stirred by a 

magnetic stir bar for a minimum time of 2 hours on a hot plate maintained at 60°C.The 

solution is filtered through a 0.45 μm PTFE filter and the spin-coated on top of the 

PEDOT:PSS covered substrate to form the active layer. The spin-coating process is 

divided into three steps: in the first step 100 µl of the solution is statically deposited onto 

the surface. Next, the substrate is accelerated at a rate of 500 rpm to 1500 rpm. This 

causes the solution to spread out due to centrifugal forces. In the third step, the substrate 

is rotated at a constant rate of 1500 rpm for four minutes. Gradual thinning of the layer 
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due to centrifugal forces as well as due to evaporation takes place here. A cotton swab 

wetted with chlorobenzene is used to wipe away P3HT:PCBM from regions other than 

where the cell area is being defined. The thickness of the P3HT:PCBM films are typically 

100 nm.  

Inkjet-printing is also used as an active layer deposition technique.  A bipolar 

waveform with voltages of 13-18 V, and dwell times of 34-40 µs is used to print the 

filtered P3HT:PCBM inks. For each concentration of the P3HT:PCBM solution, the 

voltage is optimized for stable jetting. Films are printed at different velocities from 5 to 

50 mm/s. The increase in the print velocity decreased the film uniformity and therefore 

all the print patterns are printed at 5 mm/s.   

4.3.13 Thermal evaporation 

The top metal electrode is deposited using a vacuum resistive thermal evaporation 

system. The substrates are aligned closely with a custom made shadow mask to define the 

electrode areas and are the loaded onto the sample holder which is then placed on the 

stand. The sample holder, which could accommodate 18 substrates with the typical size 

of 2.5 X 2.5 cm2 each, is positioned over the evaporation source.  The glass bell jar is 

cleaned with 9 % HCl, water and isopropanol to prevent cross-contamination of the 

evaporated materials. The rubber gasket is coated with a thin film of vacuum grease 

before positioned on the bell jar to ensure a good vacuum seal. The gas inlet and the gate 

valves are closed, before the pumping station is turned on. The system takes up to 12 

hours to pump down to an adequate vacuum for evaporation (typically below 1 x 10-6 
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mbar). All depositions are performed at a base pressure of less than 10-5 mbar, as high 

pressure has been observed to be detrimental to device performance. The process 

parameters for a typical Al deposition are given are Table 4.2. 

 
Step Time 

(mins) 

Current 

(A) 

Voltage 

(V) 

Pressure 

(mbar) 
Comments 

3 4 0 8.3 x 10-6 12 hrs after loading  

3 8 0.1 8.3 x 10-6  

3 12.1 0.3 8.4 x 10-6  

2 14.3 0.4 8.7 x 10-6  

2 16.1 0.6 8.9 x 10-6  

2 18.0 0.7 9.1 x 10-6  

1 20.2 0.8 9.8 x 10-6  

1 22.0 1.0 9.8 x 10-6  

1 24.2 1.0 1.0 x 10-5  

1 26.0 1.2 1.1 x 10-5  

    Shutter Opened 

1 26.0 1.2 9.1 x 10-6  

2 28.2 1.3 8.5 x 10-6  

4 30.1 1.4 8.4 x 10-6  

6 32.3 1.6 8.3 x 10-6  

    Shutter Closed 

Table 4.2 Process parameters for an Al deposition. 

Resistively heated tungsten filament boats are used. The source materials are 

heated until the material sublimed or evaporated. The evaporation rate can be controlled 

by the applied electrical power. For the deposition of the semi-transparent thin metallic 

films which were used as anodes, there is a very delicate balance between the optical 
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transparency and the electrical conductivity. It is essential to control the film thickness 

stringently in these cases. The process parameters for a typical Cr, Au, and Ag deposition 

are given are Table 4.3, 4.4 and 4.5, respectively. 

 
Step Time 

(mins) 

Current 

(A) 

Voltage 

(V) 

Pressure 

(mbar) 
Comments 

2 5.1 0.1 1.4 x 10-5 12 hrs after loading  

2 10.2 0.3 1.4 x 10-5  

2 15.0 0.8 1.9 x 10-5  

2 20.2 1.7 2.0 x 10-5  

2 25.3 2.6 2.4 x 10-5  

2 30.1 3.7 4.1 x 10-5  

2 35.2 4.8 1.5 x 10-4  

1 36.0 4.9 5.1 x 10-4  

1 37.1 5.1 1.1 x 10-3  

1 38.2 5.4 1.7 x 10-3  

1 39.3 5.7 2.8 x 10-3  

1 40.4 6.0 4.2 x 10-3  

    Shutter Opened 

0.2 40.4 6.0 4.2 x 10-3  

    Shutter Closed 

Table 4.3 Process parameters for a Cr deposition. 
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Step Time 

(mins) 

Current 

(A) 

Voltage 

(V) 

Pressure 

(mbar) 
Comments 

2 5.1 0.1 2.5 x 10-6 12 hrs after loading  

2 9.8 0.3 2.6 x 10-6  

2 15.0 0.7 3.7 x 10-6  

2 19.8 1.5 6.4 x 10-6  

2 25.3 2.3 7.2 x 10-6  

2 27.1 2.6 9.9 x 10-6  

    Shutter Opened 

10 27.1 2.7 9.8 x 10-6  

10 28.1 2.9 2.3 x 10-5  

5 29.1 3.1 4.7 x 10-5  

    Shutter Closed 

Table 4.4 Process parameters for an Au deposition. 

 
Step Time 

(mins) 

Current 

(A) 

Voltage 

(V) 

Pressure 

(mbar) 
Comments 

3 5.1 0.1 1.4 x 10-5 12 hrs after loading  

3 10.2 0.3 1.5 x 10-5  

3 15.4 0.8 1.6 x 10-5  

3 20.9 1.7 2.1 x 10-5  

    Shutter Opened 

6 20.9 1.7 2.3 x 10-5  

6 21.3 1.7 3.7 x 10-5  

6 21.6 1.8 5.4 x 10-5  

2 22.0 1.8 5.8 x 10-5  

2 22.2 1.9 6.1 x 10-5  

    Shutter Closed 

Table 4.5 Process parameters for an Ag deposition.  



146 
 
 

4.4 Post-treatment of Device 

Some devices are subjected to post-treatments to cause sight modifications to the 

active layer and improve the performance of the OPVs. Solvent annealing is performed 

after the active layer deposition by exposing the active layer to solvent vapors for 30 

minutes. This is achieved by keeping the wet films inside a desiccator containing a small 

amount of the appropriate solvent. The solvent annealing was usually carried out at room 

temperature, unless specified otherwise in the text. Subsequently the wet films are dried 

for minimum of an hour at 80°C at ambient conditions. Thermal annealing of the devices 

is carried out at 150°C for 5 minutes by keeping the OPVs in contact with a hot plate 

inside the glove box. 

4.4.1 Encapsulation of organic photovoltaic devices  

After the deposition of the final layer in the fabrication process i.e. the Al 

cathode, the devices are transferred to a N2 filled glovebox for encapsulation and 

subsequent characterization. Glass slides are fixed in place over the device area by 

applying a UV – curable adhesive (Norland Products) and then the glass is adhered in 

place by curing the glue under a UV lamp.  

4.5 Characterization of Organic Photovoltaic Devices 

The characterization of organic photovoltaic devices is carried out by a series of 

testing procedures. They are outlined and explained below. 
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4.5.1  Measurement of device area 

The OPV device area is measured using either a Leitz Ergolux microscope with a 

micrometer scale in 0.05 mm divisions or a using Scienscope calibrated CCD video 

inspection microscope camera using “CaptureX” software.    

4.5.2 Solar simulation 

An Abet LS 150 xenon arc lamp source coupled with an AM 1.5G filter is used as 

the illumination source for all OPV characterization measurements. The AM 1.5G filter is 

used to more closely approximate the solar spectrum having being absorbed by the 

earth’s atmosphere.  The light source is equipped with focus and position adjustments. 

The light intensity is calibrated before every set of measurements with an Oriel 91150V 

Solar Reference Si Cell certified by the National Renewable Energy Laboratory (NREL). 

The light source was adjusted to illuminate the OPV devices under test with intensity 

equal to one sun (100 mW/cm2).  

 

Figure 4.14 Digital image of the Abet LS 150 xenon arc lamp source 
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4.5.3 Measurement of I-V characteristics 

All measurements are performed in a nitrogen-filled glovebox (~10% relative 

humidity) inside which a characterization setup is mounted on a small optical bench. The 

glass testing stage is illuminated by an angled mirror, positioned so that the light is 

incident normally on the stage. Spring-loaded probe tips are used to minimize damage to 

the OPV devices over consecutive measurements. If the electrode is scratched or too 

much pressure places on it, an electrical short will most likely be formed between the 

anode and cathode through the active layer which destroys the entire device.  

 

Figure 4.15 A  detailed schematic  of  the electrical connections for I-V measurements of OPV  

Current-voltage (I-V) characteristics are determined using a ‘Keithley 2400 

SourceMeter’. The measurements are done at steps of 0.02 V under illumination or in the 

dark. Data is recorded using the “Labtracer” software and saved as text files.  The text 

files are analyzed using a Matlab program. The Matlab program enables the fast analysis 

of numerous data files, it only requires the input of the device area and then it extracts 

parameters from the data including Voc, Jsc, FF, and PCE.  
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Figure 4.16 A schematic of the characterization set up for I-V measurements of an OPV  
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5. Development of OPV Device with Thin Metal Films as Anode 

5.1 Introduction 

The beginning of this chapter introduces transparent conducting oxides focusing on 

the most common OPV anode material, ITO. The notable drawbacks of ITO are 

presented and the need to find a viable alternative anode with improved properties is 

stated. Finally, methods to replace ITO with different metallic films are detailed.  

5.2 Transparent Conducting Oxides 

Transparent conducting oxides (TCOs) are broadly defined as electrically 

conductive materials possessing high optical transparency in the visible and high 

reflectance in the IR. They are usually employed as transparent electrodes in flat-panel 

displays, light-emitting diodes, touch screens, electrochromic windows, and solar cells [1, 

2]. To fulfill the simultaneous requirement of high optical transparency (more than 80%) 

in the visible region and high electrical conductivity (about 103 Ω- 1 cm- 1 or more), an 

electron degeneracy in a wide band gap (greater than 3 eV) oxide is created in a 

controlled manner by introducing non-stoichiometry and/or appropriate dopants [3]. 

TCOs basically consist of oxygen, B, which when combined with metals (either singly or 

in combination with other metals), A, lead to compound semi-conductors, AyBz [4]. The 

opto-electrical characteristics of these semi-conductors can be tailored by doping, AyBz:D 
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(D = dopant), with metals, metalloids or nonmetals. Indeed, metals can exist in the 

compound semiconductor itself, as a component, A, or can be present as a dopant, D. 

The technological interest in transparent conducting oxides (TCOs) has intensified 

since 1907 when Bädecker first reported thin-film CdO films, prepared by the thermal 

oxidation of sputtered cadmium, which were both optically transparent and electrical 

conducting [5]. In the next decades, a large number of different materials consisting of 

non-stoichiometric and doped oxides of tin, indium, cadmium, zinc, and various alloys 

have been developed. The most widely used and studied of these materials is indium tin 

oxide (ITO) which is a solid solution of indium(III) oxide (In2O3) and tin(IV) oxide 

(SnO2), with a typical weight ratio of  9:1 (In2O3:SnO2) [4]. It provides an excellent 

combination of optical transparencies in the visible of up to 90% and low surface 

resistances of 20–80 ohms per square for a 100 nm thick ITO film [6]. Depending on the 

thickness and the deposition conditions, even lower surface resistivities of 8–12 ohms per 

square for a 120–160 nm thick ITO film coated on glass slides is commercially available 

[7].  

ITO has become a preferred electrode for organic electronics and is being used 

extensively in the OPV field. Although ITO satisfies the primary requirements of near 

metallic conductivity and good optical transparency in exemplary manner, it has some 

unattractive properties that are now leading to attempts to either modify or replace it.  
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5.2.1 Issues and future concerns associated with ITO 

The properties of ITO thin-films are dependent on the fabrication method and are 

very sensitive to the deposition conditions. While excellent optical transmittance and low 

sheet resistance for ITO thin-films are possible when fabricated in the lab, the 

commercial cost to ramp up the production for high throughput batches is rather 

prohibitive. At present the cost of ITO coated substrates is high at ~ US$10 for a 25 x 25 

mm2 glass substrate having a sheet resistance of 10 – 12 ohms per square. Moreover, 

from the limited supply of and the rising worldwide demand for Indium due to the rapidly 

expanding market of display and touch-screen devices, it is clear that the costs will rise 

even more. Indeed, a report by the European Union classified indium as one of the 14 

most critical mineral raw materials [8]. In addition, life cycle assessment studies have 

identified ITO as the component with the highest contribution to the embedded energy in 

raw materials, defined as the energy consumed during the processing of these raw input 

materials [9, 10].  It is represented graphically in Figure 5.1. Finding an alternative for 

ITO is critical and as part of the parameters of its properties, it would need to be more 

durable, more flexible and especially pertinent it must lower the energy pay-back time 

(EPBT) which is the time required by the PV system to generate the equivalent amount of 

energy consumed during the PV system life-cycle.  
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Figure 5.1 Calculated share of the energy consumed in the processing of each input material for the 

organic solar module. Adapted from [10].  

In addition to the above-stated economic concerns, the use of ITO is problematic 

in OPVs due to a number of material drawbacks. ITO is brittle and when an ITO-coated 

flexible substrate is subjected to stresses under bending cycles, the ITO layer can develop 

cracks and fractures, leading to a decrease in conductivity [11-15]. Its brittleness limits 

the opportunity to take advantage of the inherent flexibility of the organic semi-

conductors. During the fabrication process of an ITO film, to obtain a highly conductive 

film with improved crystallinity, a high processing temperature is required which can be 

attained on glass substrates but not on flexible substrates like poly(ethylene terephthalate) 

(PET) or poly(ethylene-2,6-naphthalene dicarboxylate) (PEN). Indeed, the sheet 

resistance of a typical ITO film deposited on a glass substrate is about 5-15 ohms per 

square, while that of flexible supports is much higher and is in the order of 30-60 ohms 
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per square. In addition to this increased sheet resistance, the ITO-PET OPVs performance 

decreases drastically when subjected to bending stress [16]. Table 5.1 summarizes the 

typical OPV device parameters observed for OPV devices (~54 mm2) fabricated on ITO 

coated PET substrates.  

JSC  
(mA/cm2) 

VOC 
(V) 

η 
(%) 

FF 

3.44 0.52 0.58 0.32 

3.88 0.54 0.77 0.37 

3.93 0.54 0.71 0.33 

3.96 0.54 0.73 0.34 

3.69 0.53 0.68 0.35 

3.77 0.52 0.69 0.35 

3.51 0.52 0.59 0.32 

3.47 0.51 0.56 0.31 

3.32 0.51 0.57 0.33 

3.91 0.52 0.74 0.36 

4.04 0.52 0.75 0.35 

3.90 0.52 0.74 0.37 

Table 5.1 Characteristics of OPV devices fabricated on ITO-coated PET substrates 

The other drawbacks of ITO include detrimental migration of oxygen and indium 

into the adjacent organic layers which leads to rapid degradation of device performance 

with time [17-19]. Some of the numerous issues associated with ITO have been addressed 

by our research group at the Institute for NanoEnergy in the University of Houston by 
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replacing the ITO with Au (A. Haldar et al.) [20] or Ag (S. Yambem et al.) [19]. Both of 

these solutions to the drawbacks of ITO are discussed in the next sections of this chapter. 

5.3 Replacing ITO with Thin Metal Films 

In order to reduce the heavy dependence of the OPV field on ITO, there is a strong 

need to find a viable alternative electrode material. The optical transparency (T) and 

electrical sheet resistance (RS) are the two most important parameters for an electrode 

material. Unfortunately, these two parameters are often in constant opposition with one 

another, leading to a dichotomy. The use of thin metallic films with a reasonable optical 

transmittance in the visible is a viable option since they have the potential to meet the 

high conductivity requirement for electronic applications. The high conductivity of the 

metallic anodes even at room temperature is crucial particularly for large area devices, 

where high sheet resistance leads to ohmic losses, reducing the OPV performance.  

Conversely, their high free-electron density, while making them highly conductive, also 

makes the bulk metals highly reflective in the visible range prohibiting their use as a 

transparent electrode. Fortunately, ultra-thin metals with thickness in the tens of 

nanometers range are more transparent and have the potential to be used as electrodes. 

The use of non-patterned thin metal films as anodes will significantly reduce processing 

and fabrication costs when compared to metal nanogrid-based transparent electrodes 

which are limited to fundamental simulations due to prohibitive fabrication costs. Thin 

metal films have a high mechanical flexibility, a crucial requirement for flexible 

photovoltaic devices, and still retain their conductivity under numerous bending cycles 
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[21]. Thus, the replacement of ITO by thin metal films can lead to improved mechanical 

properties of the OPVs.  

Metal Work Function  

(eV) 

Electrical Resistivity 

 (nΩ·m) 

Melting Point  

(°C) 

Oxidation Potential  

(V) 

Beryllium (Be) 5.00 36.00 1287.00 1.85 

Cobalt (Co) 5.00 62.40 1495.00 0.28 

Copper (Cu) 4.70 16.78 1084.62 -0.34 

Gold (Au) 5.10 22.14 1064.18 -1.50 

Nickel (Ni) 5.01 69.30 1455.00 0.25 

Platinum (Pt) 6.35 105.00 1768.30 -1.20 

Silver(Ag) 4.73 15.87 961.78 -0.84 

Table 5.2 List of metals along with their work function, electrical resistivity, melting point, and 

properties at standard atmospheric pressure 

From Table 5.2, in terms of high conductivity, the optimum metals would be Ag, 

Cu and Au for use as thin film electrodes. However, Au has the added advantage of being 

the most inert (highest oxidation potential) leading to the expectation that the Au anode-

OPVs would have the highest stability. The transmission spectrum of thin Au film is also 

exceedingly compatible with the absorption spectrum of the photoactive layer of 

P3HT:PCBM. A high degree of correspondence is obtained between the two profiles of 

spectra (Figure 5.2), signifying that when P3HT:PCBM is used in conjunction with Au 

thin films the absorbance by the photoactive layer would be maintained. In terms of work 

functions, that of Ag (5.0 eV - oxidized) [22] and Au (~5.1 eV) [23] are compatible with 
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the electronic energy structure of the typical active layer P3HT:PCBM composite. The 

matching of their work-function to that of the HOMO of P3HT, the donor polymer in the 

active layer yields an efficient layer for charge collection and better VOC. 

 

Figure 5.2 Absorption spectrum of P3HT:PCBM and transmission spectrum of Au thin film.  
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5.4 Mechanism of Film Formation 

Thin films are deposited using conventional physical deposition evaporative 

techniques. In general, there are three basic steps in the deposition process: 1) generation 

of a vapor from the source material by evaporation or sublimation, 2) transportation of 

the vapor from the source to the substrate, and 3) condensation of the vapor to form the 

thin solid film onto the substrate. For the work done in this dissertation, a resistive 

evaporation technique has been used in which a tungsten boat, containing the source 

material, is heated electrically with a high current to make the material evaporate. 

 

Figure 5.3 Schematic drawing illustrating the three basic steps in any physical vapor deposition 

process: evaporation from the source, transport and condensation of the evaporant.  

Deposition is carried out in low pressure chambers with very small content of 

residual gases (pressure <10-6 mbar). This ensures the purity of the deposited film by 

avoiding incorporation of impurities from other residual gas-phase entities and 

contamination by the process of oxidation. Indeed, the process of evaporation involves 



162 
 
 

significant amounts of heat and if oxygen were present, any reactive metal would form 

oxides.  Furthermore, low pressures allow the vapor to reach the substrate without 

colliding and scattering with gas molecules during transport from source to substrate 

which would reduce the net deposition rate significantly. 

 

Figure 5.4 Schematic of the progression of thin film growth by the Volmer-Weber island growth 

mode (Redrawn and Adapted from [24, 25]) 

Upon reaching the substrate, the vapor condenses to form a solid film after going 

through a complex sequence of processes which depends critically on the interaction 

strength between the atoms and the substrate surface. The atoms which reach the 

substrate and are adsorbed are referred to as adatoms. Typically, metals have weak 

adhesion to the dielectric surface and metallic adatom-adatom interactions are stronger 
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than that of adatom- substrate. The film growth in these conditions obey the Volmer-

Weber mechanism of island growth [26].  

A metal atom reaching the substrate will rebound elastically or have an inelastic 

collision. In case of the latter, the atom loses its excess kinetic energy and gets adsorbed 

on the substrates surface. These adatoms can exhibit Brownian motion under thermal 

fluctuation. They may gain energy due to thermal fluctuations and sometimes, the energy 

is enough for the atoms to re-evaporate. For positive film growth, the rate of atoms 

reaching the substrate should be greater than the re-evaporation rate. The atoms which do 

not re-evaporate tend to move about and interact amongst themselves to form nucleation 

sites. The size of these sites increase and neighboring sites get closer until they merge 

into individual isolated islands. This coalescence of metal atoms into islands occurs due 

to the minimization of the surface free energy. These islands grow in all three dimensions 

as the metal deposition process continues. The growth in lateral direction (parallel to the 

surface) leads to a decrease of the gap between islands, growing through phases of 

interconnected clusters, quasi-continuous films until a fully continuous film has been 

formed. Once the first monatomic layer is formed, the rate of re-evaporation decreases 

with subsequent layers as the interaction strength between the metal atoms is more than 

that of the metal and the substrate; the film continues to grow in thickness as if the entire 

substrate were made of bulk material. 
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Figure 5.5 Atomic level processes: Schematic representation of some of the elementary steps involved 

in metal vapor deposition and island formation on an oxide substrate 

During film growth the microstructure of the deposited film and hence, their 

properties are greatly influenced by deposition parameters such as film growth rate and 

temperature at which the deposition occurs.  

The deposition temperature should also be maintained at an optimal range. It 

should be high enough to eliminate physically adsorbed water or gas molecules. 

However, at very high temperatures even though the numbers of physically adhered 

molecules decrease, some molecules get chemically adsorbed onto the substrates and 

therefore become impossible to remove. Chemical interactions between the adatoms and 

the surface determine the strength of the bond between the film and substrate. Also, the 

crystal size is bigger for temperatures well above Tc. 

The film growth rate, 𝑤𝑐 (nm.s-1) is also called the condensation rate, it is usually 

expressed in terms of the mass of the atom, molecular beam intensity and density of the 

film material as  

 𝑤𝑐 = 𝛼𝑐𝜈𝑠𝑚/𝐷𝑓 (5.1)  
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where  𝑣𝑠 is the intensity of molecular beam expressed in unit of cm-2s-1, 𝑚 is the mass of 

the atom, 𝐷𝑓 is the density of the film material and 𝛼 is the condensation coefficient. 

𝐷𝑓 is generally approximated to the density of the bulk material. 

The condensation rate 𝑤𝑐 has great influence on the size of the grains and the 

number of residual gas molecules introduced in the film. In case of metal films, high 𝑤𝑐 

leads to small grain sizes with the film having lesser concentration of impurities. 

However, for extremely high values of 𝑤𝑐 there is an increase in the grain size which is 

explained by the recrystallization process caused by the increase in the substrate 

temperature produced by the energy of the impinging beam. The concentration of 

residual gas molecules trapped within the film also increases with increase in 𝑤𝑐 since 

they have no time to leave the condensate. 

5.4.1 Size and grain boundary effects in conductivity 

The theory of the grain size effect in conductivity was introduced by Thompson in 

1901 [27] and the ratio of thin film conductivity  𝜎𝑓 to bulk conductivity is 𝜎𝐵was 

proposed to be 

 
𝜎𝑓
𝜎𝐵

=
1
2
𝛾 �𝑙𝑛 �

1
𝛾
� +

3
2
� (5.2)  

where 𝛾 = ℎ/𝑙  is the normalized thickness, ℎ is the thickness of the film,  and  𝑙  is the 

mean  free path of electron in the volume of the metal. Thompson’s formula was derived 

under the assumptions that the mean free path of the electron is constant in the volume of 

the metal and same for all conduction electrons and an electron after scattering with the 
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surface of the film deflects in any direction which is independent of the initial and final 

directions of the electron motion. However, these assumptions are incorrect because the 

mean free path of the electrons must be calculated as the average of free paths of all 

electrons in the metal at a given moment and with the second assumption, the free paths 

starting on the surface of the film are not accounted for.  

Fuchs and Sondheimer (FS) [28, 29] improved this model by taking into account 

isotropic scattering and surface scattering. They proposed a theoretical model by 

considering the quantum effect of the free electrons, a statistic distribution of the mean 

free path (λ) values in the bulk and assuming that film surfaces play an important role in 

the λ value. This gave the FS model for conductivity of thin films as: 

 
𝜌𝐹𝑆
𝜌𝐵

=
1

𝐹(𝑘,𝑝)
 (5.3)  

where  
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1 − 𝑝𝑒−𝑘𝑡
𝑑𝑡� (5.4)  

𝑘 = 𝑡 𝜆⁄ , is the ratio of film thickness 𝑡 to the background mean free path λ, and 𝑝 (the 

mirror parameter) denotes the reflection coefficient at the film surface and gives the 

fraction of electrons scattered elastically at the surface.  𝑝 = 0 corresponds to total 

surface scattering and gives the maximum ρ value, and  𝑝 = 1 is for mirror surfaces and 

gives us the bulk 𝜌𝐵value. 

Mayadas, Shatzkes and Janak [30, 31] considered that the total resistivity of 

polycrystalline metals films, with a fine grained structure, can be dominated by electron 
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scattering from grain boundaries and therefore they took into account the simultaneous 

action of isotropic electron scattering, surface scattering and grain-boundary scattering. 

The resultant resistivity was given by   

 
𝜌𝑀𝑆
𝜌𝐵

=
1

𝐺(𝛼)
 (5.5)  

where 

 𝐺(𝛼) = �1 −
3
2
𝛼 + 3𝛼2 − 3𝛼3𝑙𝑜𝑔𝑒 �1 +

1
𝛼
�� (5.6)  

and  

 𝛼 =
1
𝑠

𝑟
1 − 𝑟

 (5.7)  

where 𝑠 = 𝑑/𝜆, 𝑑 is the grain diameter, and 𝑟 is the grain boundary reflection coefficient 

and takes values between 0 and 1.  Often, the two models, FS and MS are combined 

together to get the total resistivity of thin films in which both scattering mechanisms 

occur simultaneously [32, 33]. The combined model is obtained by combining Equation. 

5.3 and 5.5, such that total 𝜌𝑡𝑜𝑡𝑎𝑙 value can be determined by  

 𝜌𝑡𝑜𝑡𝑎𝑙 = 𝜌𝐹𝑆 + 𝜌𝑀𝑆 − 𝜌𝐵 (5.8)  

Once a fully continuous film has been fabricated of the required transparency and 

conductivity, it is used to produce the OPV. The next sections outline the experimental 

details and discuss the various challenges of thin film deposition and device fabrication 

on them.  
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5.5 Gold Anode OPVs 

Au has previously been used as an interlayer in the fabrication of organic 

optoelectronic devices [34-36]. Bernede et al. demonstrated that the use of an ultra-thin 

Au film (0.5 nm) over transparent anodes improved he performance of OPVs. The PCE 

increased from 1.12% to 2.1% for ITO, 0.11% to 2% forfluorine-doped tin oxide (FTO) 

and from 0.27% to 1.27% for aluminum-doped zinc oxide [35]. The insertion of an ultra-

thin Au film caused the series resistance of the device to decrease significantly and the 

shunt resistance to increase, resulting in improved performance. Kouskoussa et al. 

introduced an ultra-thin Au film at the interface of FTO and copper 

phthalocyanine(CuPc) [36]. The presence of Au film caused the PCE of the resulting 

FTO/Au/CuPc/C60/tris(8-hydroxyquinolinato)aluminum(Alq3)/Al device to increase from 

0.27 to 1.12%. In both the studies, it was suggested that the high work function of Au 

lead to a better energy matching between the work function of anode and the HOMO of 

the organic electron donor, increasing the hole transfer efficiency. Au has also been used 

to improve the performance of organic light emitting diodes (OLEDs) [34]. It was 

deposited as 5, 10 or 15 nm thick films on top of ITO (20 ohms per square) to enhance 

conductivity and hole injection efficiency and a lower of the turn on voltage for the 

OLED was observed (4 – 1.6 V).  

However, the use of Au exclusively as an independent electrode for organic 

optoelectronics anode is rare [37-39]. Hatton et al. demonstrated that when an ultra-thin 

Au anode (70 Å) was incorporated in a bilayer OLED Au anode/N,N′-bis(3-
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methylphenyl)-N,N′-diphenyl-1,1′-biphenyl-4,4′-diamine/Alq3/lithium benzoate/Al, it 

exhibited a lower turn-on voltage. Also its uniformity of brightness and stability was 

comparable with OLEDs with ITO [37]. Au anodes have been used as a part of solution-

processed organic tandem solar cells, but the efficiencies were low, 0.35% and 0.23% for 

the bottom and top cells, respectively [38]. Cho et al. demonstrated using Au anodes as a 

part of a multi-functional device, comprising of a field-effect transistor and an OPV on 

the same substrate reported a PCE of only 0.6% and a short circuit current (JSC) of 2.3 

mA/cm2 [39]. The thermally evaporated Au anode OPV structure described in this 

section is a study into the alternatives in replacing ITO. The new OPV device structure 

consists of the following layers: Glass/Cr/Au/PEDOT:PSS/P3HT:PCBM/Al. The Au 

anode characterized by UV-Vis shown in Figure 5.6 has an optical transmission over 50 

% at 500 nm and a sheet resistance (5.19 ohms per square) which is almost half that of 

the commercially available ITO (~10 – 12 ohms per square). 

 
Figure 5.6 UV-Vis transmission spectrum of a typical Cr/Au thin anode film on glass. A digital image 

of the film is overlaid on the spectrum to further illustrate optical transparency [20]. 
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5.5.1 Challenges 

The thin Au layer has a high conductivity and is semi-transparent over the visible 

range, making it an attractive replacement for ITO. In addition, it can be easily deposited 

using a thermal evaporation process. The only caveat is that for optimum performance of 

the OPVs, the Au films must adhere well to the glass surface. However, issues with the 

adhesion of the Au film on the glass substrate were discovered during subsequent 

fabrication steps. The Au film deposited on the substrate has varying degrees of adhesion 

correlated to the cleanliness of the substrate before deposition by thermal evaporation. 

Even for the cleanest substrates used, the Au film peels off easily and simply rubbed 

away under very little force.  Thermally evaporated Au film of glass has poor stability in 

various solvents, including water [40], and the Au film completely desorbed and peeled 

off when an aqueous PEDOT:PSS solution was spin-coated on it. The OPVs fabricated 

on this substrate possessed low efficiencies and many were electrically shorted. This was 

due to the fact that Au does not form a chemical bond with silicon dioxide, and therefore, 

the adherence of gold films on glass is very weak. The evaporated metal film formed 

from island structures of the metal atoms which tend to float on top of the substrate as the 

binding forces between the metal film and the glass substrate are very weak. 

Improvement of this adhesion was overcome by first depositing an adhesion-promoting 

thin metal binder layer, in this case chromium, on the substrate and then depositing the 

gold over the binder layer. Chromium forms a covalently bonded mixed oxide at the 



171 
 
 

glass-metal interface, and an alloy with gold at the electrode interface creating good 

adhesion between the Au electrode and the glass substrate [41].  

5.6 Device Fabrication and Characterization 

The OPV device structure and layout are shown in Figure 5.7. An island-type 

electrode geometry was used for the device layout instead of a crossbar-type electrode 

geometry in order to eliminate errors arising due to a contribution from a poly(3,4-

ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS) OPV device 

(PEDOT:PSS anode/active blend/Al cathode) [42, 43].  

 

Figure 5.7 (a) A schematic representation of the OPV device layout. The active area of each device is 

defined as the overlapping region of the electrodes. (b) A schematic representation of the OPV device 

structure illustrates the deposition sequence. (c) Image of the actual slide. 
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Au anode OPVs were fabricated using the standard procedure for OPV fabrication as 

outlined in chapter 4, section 4.4.2. The optical and electrical properties of Au films may 

be correlated with the variation of the film structure as a function of evaporation rate. As 

the Au deposition starts, separate islands are formed on the substrate. These islands start 

linking up to form larger clusters and finally a continuous film is formed. The 

evaporation rate can be controlled by the applied electrical power. For the deposition of 

the Au semi-transparent thin metallic films which were used as anodes, it was essential to 

control the film thickness in these cases. Our custom setup does not have a crystal 

thickness monitor installed to precisely control the thickness of the thermally evaporated 

films. However, we exploited the relationship between electrical conductivity of the films 

and the thickness, by developing a resistance monitor which was then incorporated into 

the thermal evaporation system. The resistance monitor consists of a cleaned glass slide 

attached to two electrodes connected to two of the electrical feedthroughs across which 

the resistance could be measured by a multimeter externally (Figure 5.8). The thickness 

of the deposited films was thus controlled in real-time by monitoring the resistance of the 

films.  

 

Figure 5.8 Schematic of the sample with an island film between two contact electrodes 
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After evaporation, the Au films optical transmission was characterized using UV-

Vis spectroscopy and the average sheet resistance of each film was determined by using a 

very simple method. By measuring the resistance across the length of the Au film using a 

two-point probe method and from the dimensions of the film, the sheet resistance can be 

calculated. The sheet resistance 𝑅𝑠 is then given by  

 𝑅𝑆 =
𝑅
𝑛

,𝑛 =
𝑙
𝑏

 (5.9)  

where 𝑅 is the resistance across the length of the Au film; 𝑙 and 𝑏 are the length and 

breadth, respectively, of the Au film. The average transmittance at wavelength 500 nm 

and their corresponding average sheet resistance of all the sets are given in Table 5.3. 

 

Average transmittance, 𝑻(%) Average sheet resistance, 𝑹𝒔 (Ω/□) 

66 511 

60 27.9 

54 9.07 

38 3.19 

Table 5.3 Transmittance and corresponding sheet resistance of the Au films 

The active areas of each device, defined by the overlap of Al cathode and the Au 

anode, were between 0.7 and 1.1 mm2. 
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5.6.1 Rationale for better performance with Cr-Au anodes 

 

Figure 5.9 Tapping mode atomic force microscopy (AFM) images (20μm ×10μm) for surface 

morphology of (a) glass slide with Au film, and (b) glass slide with Cr–Au deposition: top view and a 

height profile 

The AFM images of a glass slide with Au and a glass slide with Cr-Au are shown 

in Figures 5.9 and 5.10. The AFM is used to determine the change in morphology of the 

Au layer due to the inclusion of a very thin adhesion promoting layer (<1 nm) of Cr 

between the glass substrate and Au. It is evident from Figure 5.9 that a smooth film is not  

obtained for the bare glass substrate coated with Au, instead there are a number of 

randomly dispersed peak-like structures (~20 nm in height). Figure 5.10(a) represents a 

mono-dispersed Au film with high density but short Au spikes Figure 5.10(b) represents 

an Au film with moderate density and medium height Au spikes, which corresponds to 

Au films obtained after Cr insertion. There are significantly fewer peaks present on the 

thin film surface and these peaks are less pronounced. It is clear that the morphology of 
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the Au layer is altered by including the Cr adhesion layer. Both the density and height of 

spikes contribute to the leakage current. The OPVs fabricated on Au electrodes deposited 

on bare glass substrates exhibited low shunt resistances resulting in poor performance. 

This can be attributed to the formation of electrical shorts through these Au peaks to the 

Al cathode. By incorporation of the Cr layer, the decrease in the number of shorted 

devices suggests that these Au peaks can be encapsulated by the PEDOT:PSS and the 

photoactive layer.  

 

Figure 5.10 Tapping mode atomic force microscopy (AFM) images (20μm ×20μm) for surface 

morphology of (a) glass slide with Au film, and (b) glass slide with Cr–Au deposition 
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5.7 Device Characteristics 

5.7.1 Optimization of OPVs on Au films of different transmittances 

We fabricated OPVs on three different sets of Au films with different 

transmittances. Table 5.4 gives the average efficiencies of devices in each set and their 

corresponding VOC, JSC and FF. The highest efficiency of 1.53% was obtained for Au 

film of transmittance 52%. It can be seen from Table 5.4, that all the critical parameters 

change with the change in transmittance of the Au films.  

Set No. Transmittance, T (%) Efficiency, η (%) VOC (V) JSC (mA/cm2) FF 

1 38 1.17 0.45 5.84 0.44 

2 52 1.53 0.55 6.79 0.41 

3 66 0.67 0.43 4.33 0.36 

Table 5.4 Average efficiency and corresponding VOC, JSC and FF of OPVs fabricated on Au films of 

different transmittances 

Koster et al. demonstrated that at a constant temperature, the VOC when plotted as 

a function of light intensity has a constant positive slope [44]. This is most likely the 

cause for the increase in VOC from 0.45 to 0.55 V as percentage of light reaching the 

active layer increases from 38% to 52% as we go from set 1 to set 2. However, this does 

not explain the change in VOC from set 2 to set 3. It has been shown that for metal thin 

films such as Cu, the work function increases with increase in film thickness and stays 

constant after a critical thickness [45]. It can be Au films may also have a similar trend 
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for its work function since Au and Cu have similar growth stages of deposition [1]. 

Hence it may be speculated that the work function of the Au film for set 3 is lower than 

the rest of the sets because the film for set 3 is an island film and has not yet reached the 

critical thickness resulting in a lower work-function for the Au film. This accounts for the 

change in VOC from set 2 to set 3.  

The variation in the efficiency with transmittance depends on two mutually 

opposing factors: optical transmittance and conductivity (Table 5.2). As a result of 

increase in sheet resistance and thus, larger series resistance, JSC should decrease 

monotonically from set 1 to set 3. On the other hand, the greater intensity of light 

reaching the active layer from set 1 to set 3 should cause a monotonic increase in JSC. The 

opposing effects of the two factors give an optimum point of JSC at Au film transmittance 

of 52%, which has a corresponding JSC 6.79 mA/cm2. 

5.7.2 Comparison of OPVs on Au films with standard ITO devices 

The J-V characteristics of the gold anode OPV devices fabricated with the 

optimum transmittance of Au films are comparable to that of the standard ITO devices 

fabricated. The parameters of the best fabricated Cr-Au anode OPV device are given in 

Table 5.5. The maximum JSC obtained of Cr-Au OPV device was 10.77 mA/cm2. The 

series resistance (RS) of the OPV devices was determined from the slopes at VOC of their 

J–V characteristics. The value of RS for Au anode OPV is 10.47Ωcm2 and for ITO anode 

OPV is 18.94 Ωcm2. This is consistent with the lower sheet resistance of the Au anode 

(5.19 ohms per square) as compared to that of ITO at 8–12 ohms per square. The Cr-Au 
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anode OPV is almost as efficient as the standard ITO device, having very similar fill 

factors despite the difference in optical transmission.   

 

Figure 5.11 J-V characteristic plots of a typical Cr/Au anode OPV device, a standard ITO OPV 

device and both devices without the PEDOT:PSS hole transport layer [20] 

Devices were also fabricated on ITO and Cr-Au substrates without a PEDOT:PSS 

layer to study the effect of the hole transport layer on the device efficiency. Both the 

devices displayed poor performance with a large number of devices with either the ITO 

or the Au anode being completely short-circuited. The surface roughness of both ITO and 

Au also results in a higher occurrence of electrical shorts across the device. When 

PEDOT:PSS is used as an interfacial layer, in addition to covering sharp island 

formations or spikes and decreasing the roughness of the underlying electrode, it also 
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enhances the wetting of the organic layer resulting in the formation of pinhole free films. 

This increases the shunt resistance and improves the device performance [34].  

However, the acidic nature of PEDOT:PSS leads to the degradation of ITO anode 

over time [19]. In a proposed degradation mechanism of the ITO/PEDOT:PSS interface 

under ambient conditions, protonation of the surface ITO takes place due to the excess 

amount of protons present at the PSS- H+, weakening the In–O and Sn–O bonds by 

polarization. Then, the free PSS (RSO3
-) ligands replace the surface water. The PSS–In 

and PSS–Sn chelation further weakens the In–O and Sn–O bonds, leading to complete 

detachment of the PSS–In ((RSO3)3In) and PSS–Sn ((RSO3)4Sn) complexes, stripping of 

the surface In and Sn. The reaction continues with the presence of water and excess 

protons. In the same way, protonation of the surface silver oxides (formed during the 

ozone plasma treatment) occurs weakening the Ag–O bonds. Finally, detachment of the 

PSS–Ag (RSO3Ag) complexes results in the stripping of the surface Ag. However, unlike 

the case of ITO, the reaction stops when there is no more silver oxide present. Ag is very 

difficult to oxidize with its electro-chemical potential being E0
Ag+/Ag=0.7996 V. Au is a 

noble metal and has a higher electro-chemical potential with E0
Au3+/Au= 1.5 V, making it 

even more difficult for it to oxide. Thus, devices fabricated on thin Au films are expected 

to be more stable than those fabricated on ITO. This chemical stability of the Cr-Au 

anode OPV under acidic conditions in conjunction with their comparable performance 

with the standard ITO device opens up a promising new anode to replace ITO for use in 

OPV devices. 
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Device Structure 

A/P3HT:PCBM/Al 

JSC 

(mA/cm2) 

VOC 

(V) 

η 

(%) 
FF 

A=     

ITO/ 4.98 0.41 0.76 0.37 

Cr-Au/ 1.97 0.32 0.24 0.38 

ITO/PEDOT:PSS 7.83 0.54 2.16 0.51 

Cr-Au/PEDOT:PSS 7.01 0.55 1.90 0.49 

Table 5.5 Characteristics of a standard OPV device compared to one without PEDOT:PSS. 

Critically the issue of Au anodes lies in the deposition of a uniform thin film 

without the sporadic spikes. The random nature of the island formation in the initial 

stages of film deposition does not allow us to pinpoint a definite percolation point for 

conduction. The challenge is to have a better control and manipulation of the deposition 

parameters leading to superior films and improved connectivity along the electrode along 

with a defined protocol. 
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5.8 Silver Anode OPVs 

Notwithstanding the potential advantages of Au anodes, the sporadic spikes of the 

evaporated film provide shunt pathways and limit device performance. Silver is the third 

least reactive metal after Au with the added advantage of having the lowest resistivity of 

all metals and is thus the next best choice (Table 5.1).  The adherence of Ag to glass 

while not being very strong is still higher than that of Au [46]. This better adhesion 

would result in a more uniform layer, a crucial caveat for high performance of OPVs with 

metal anodes. Keeping in mind the ultimate objective of developing a replacement anode 

for ITO which should have the added advantage of being flexible as well, the Ag 

electrodes were fabricated on flexible substrates, planarized PEN.  

5.8.1 Device fabrication and characterization 

The characteristic transmission spectra of planarized PEN substrate and Ag–PEN 

film are shown in Figure 5.12. The modulation fringes on the spectra occur because of an 

adhesive coating on the non-planarized side of the PEN. A similar feature in the 

transmission spectra of planarized PEN films has been observed earlier [16, 47].  
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Figure 5.12 Transmission spectra of PEN and Ag-PEN films. The modulation in the spectra is due to 

an adhesive coating on the non-planarized side of the PEN. 

The Ag thin film was thermally evaporated onto glass substrates using process 

parameters described in chapter 4, section 4.4.4. After thermal evaporation, the Ag films 

optical transmission was characterized using UV-Vis spectroscopy and the average film 

sheet resistance was determined. The Ag–PEN films have maximum transmittance 

around 380–400 nm. The requirements of electrical conductance and optical 

transmittance was met with an Ag film ~ 20 nm thick with an appropriate sheet resistance 

(~ 5 to 12 ohms per square) whilst still maintaining a reasonable optical transmittance (~ 

50 - 60 % at 500 nm) in the visible region.  
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Ag anode OPVs were fabricated using the standard procedure for OPV fabrication 

as outlined in chapter 4, section 4.4. The batches of Ag anode OPV devices fabricated 

were characterized and their performance parameters are shown in Table 5.6.  

 

Figure 5.13 J-V characteristic plot of the best Ag anode device fabricated on a PEN substrate with an 

active area of 108mm2 

The J-V characteristic plot of the highest efficiency Ag anode OPV device shown 

in Figure 5.13 displaying a JSC, VOC, PCE and FF of 2.72 mAcm-2, 0.56 V, 0.74 % and 

0.49 respectively. Ag-PEN OPVs were fabricated with successively larger active areas; 

however their performance showed only a slight decrease. This can be credited to the 

high conductivity of the Ag anodes.  
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Area 

(mm2) 

JSC  

(mA/cm2) 

VOC 

(V) 

η 

(%) 

FF 

5.5 3.02 0.58 0.84 0.48 

25.0 2.27 0.54 0.67 0.55 

35.0 1.90 0.53 0.57 0.57 

35.0 1.92 0.53 0.59 0.58 

54.0 2.28 0.56 0.57 0.45 

54.0 2.26 0.54 0.51 0.42 

55.0 2.59 0.52 0.52 0.39 

55.0 2.37 0.58 0.73 0.53 

60.0 2.10 0.53 0.52 0.47 

108.0 2.72 0.56 0.74 0.49 

108.0 1.93 0.54 0.50 0.48 

162.0 2.09 0.55 0.56 0.48 

Table 5.6 Characteristics of OPV devices fabricated on Ag-PEN substrates. 

 

Ag thin film anode surpasses ITO anodes in their inherent flexibility and their 

retention of conductivity even under severe bending tests. When Ag-PEN and ITO-PET 

films having the same dimensions were rolled into cylinders with curvatures (1/radius) 

smaller than the threshold value of 0.4 mm-1, the sheet resistance of ITO-PET increased 

drastically (up to three orders of magnitude), rendering it unsuitable for an electrode. 

OPVs were fabricated on ITO-PET and their overall performances were compared 

with OPVs fabricated on Ag-PEN. It is clear from their performance, comparable to those 

taken for previously fabricated ITO-based devices (Table 5.1) that an anode comprising 
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of a thin film of Ag is a viable contender to replace ITO, with the potential as a highly 

flexible electrode.  

5.9 Conclusions 

In this chapter the drawbacks of using ITO were presented and the strong need to 

reduce the dependence on ITO was emphasized. Thin thermally evaporated Ag or Au 

films have been presented as viable alternative electrode materials. The challenge of 

attaining a thin film that is at least as conductive as ITO whilst allowing light to reach the 

photoactive layer was resolved by the lower sheet resistance of the metal films. The 

performance of OPV devices developed on PEN substrates evidenced that Ag anodes 

have potential as flexible replacements for ITO, having applications on designs of OPVs 

unconstrained by the flat panel architecture. The efficiency of the thin metal film devices 

can be further increased by optimizing the transmittance of the metal films and also by 

using interlayer materials such as Ca or LiF between the photo-active layer and the 

cathode. Further refinement of the deposition process for these thin metal films would 

also make it possible to improve OPV device performance.  
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6. Effect of Printing Parameters and Annealing on Organic 

Photovoltaics Performance 

6.1 Introduction  

In this chapter, inkjet-printing is used to deposit a P3HT:PCBM blend as active 

layer. The aim was to investigate how different parameters of inkjet-printing affects the 

opto-electrical properties of the photo-active layer and whether a printing protocol can be 

determined that successfully enhances device fabrication. Gaining a deeper understanding 

of these parameters allow us to efficiently optimize the processing conditions required to 

achieve maximum performance. A comparative study of three printing methods (multi-

array, single and multi-layer arrays) is performed and the results the results expanded 

upon and explained. The effect of annealing parameters on electrical and optical thin film 

properties is also investigated and discussed. The final goal of this investigation was to 

develop an improved understanding of the process and establish a printing protocol which 

will give a suitable inkjet-printed film for use in OPVs. 

6.1.1 Background 

Inkjet-printing as a solution dispensing tool has many attractive features due to its 

precise and versatile deposition technique [1-3]. Inkjet-printing being a non-contact 

deposition technique makes it substrate and application independent (when adhesions is 

permissible) allowing deposition on flexible and non-flat substrates of different sizes with 
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real-time responsiveness and potentially high speeds.  It allows the dimensional 

controlled deposition of inks on targeted locations up to micron scale accuracy. The two 

dimensional patterning ability negates the need of masks and thus, an extra fabrication 

step. This tight control also helps in minimizing material waste. As such, the technique is 

favorably disposed towards integration in industrial scale production, providing cost 

reduction of existing components as well as opportunities for pioneering new strategies. 

In addition, high mechanical flexibility has been a major advantage of OPVs since it 

enables processing using flexible substrates [4, 5]. For now, it’s also at the fledgling stage 

where research and understanding is still being carried out for such thin film applications 

which are in part material and architecture dependent. Novel architectures focusing on 

orienting the OPV vertically to maximize the photon trapping and enhancing 

performance have been reported by our group [6-8]. The photoactive layer(s) of the 

vertically oriented OPV needs to be deposited around its circumference. To exploit the 

complete benefit of such structures, more than one wrap of the photoactive layer is 

needed which requires a deposition of long homogeneous strip(s) of accurate dimensions 

more readily attained by inkjet-printing. 

6.1.2 Challenges 

The performance of bulk hetero-junction (BHJ) OPVs is very sensitive to the 

active layer morphology which determines charge dissociation as well as charge 

transport. In inkjet-printing, the active layer is formed when droplets ejected successively 

form a liquid pattern that dries to form the film. The resultant film morphology can be 
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strongly influenced by various parameters such as viscosity, surface tension and 

evaporation rates of the ink.  It becomes imperative to consider how the processing 

conditions affect the morphology of the printed photoactive layer and the performance of 

the OPVs. Currently, knowledge as to how this morphology is affected by various 

printing parameters is incomplete. 

 There have been studies of using high boiling point solvents as a part of the 

solvent mixture or using additives to improve the performance of OPVs [9-11]. Aernouts 

et al. printed a poly(3-hexylthiophene): phenyl-C61-butyric acid methyl ester 

(P3HT:PCBM) blend dissolved in a chlorobenzene (CB) and a high boiling point solvent, 

tetrahydronapthalene [10]. Hoth et al. fabricated an inkjet-printed cell using an ortho-

dichlorobenzene (oDCB): mesitylene mixture at a substrate temperature of 40°C [9].  

Power conversion efficiency (PCE) of 3.7 % using a high boiling point additive, 1, 8-

octanedithiol, at a substrate temperature of 25°C has been demonstrated by Eom et al. 

[11]. Lee et al. reported that the best OPV performance was observed from inkjet-

printing condition of around 50% of droplet overlaps with 2 wt. % P3HT:PCBM blend in 

CB at a substrate temperature of 25°C [12]. These reports suggest that by changing 

various parameters, more than one optimum set of parameters for the fabrication of OPVs 

can be obtained. However, there is a deficit in understanding of the role of these 

parameters; which of them are necessary or more important than others. Gaining a deeper 

understanding of these parameters will allow us to efficiently optimize the processing 

conditions required to achieve the maximum performance.  
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In this study, we tested the effects of different printing patterns for the fabrication 

of OPVs. We completed a comparison study of three printing methods (multi-array, 

single and multi-layer arrays) where parameters, such as concentration of the solution and 

drop spacing, were varied. We also investigated the influence of various annealing 

parameters on their electrical and optical properties in correlation with the device 

performance.  

6.2 Experimental Details 

6.2.1 Fabrication of inkjet-printed OPVs from ITO-coated glass substrates 

Inkjet-printing of the organic photoactive layer was carried out using a Jetlab 4 

table top printer (MicroFab Tech, Inc.). The inkjet-printer consists of a piezoelectric 

driven inkjet head with X-Y motorized stage which has a heating element, and a drop 

observation camera used to observe the formation and the pathways of the ink droplets. 

The schematic diagram of the printer is shown in Figure 6.1.  The computer is used to 

program and set the parameters of the waveform, the print pattern and control the motion 

of the stage.  
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Figure 6.1 Schematic diagram of the printer 

The OPVs used in this study have the structure: ITO/PEDOT:PSS/ 

P3HT:PCBM/Al. The ITO coated glass substrates were patterned, cleaned and hole 

transport layer deposited as per the standard procedure outlined in chapter 4, section 4.4. 

The active layer was then printed using a bipolar waveform with voltages in the range 13-

18 V and dwell times of 34 - 40 µs. For each concentration of the P3HT:PCBM solution, 

the voltage was optimized further for stable jetting. Films were printed at different 

velocities from 5 to 50 mm/s. However, the increase in the print velocity decreased the 

film uniformity and therefore all the print patterns were printed at 5 mm/s.   

Subsequently, suitable samples were transferred into a jar filled with CB vapor for 

30 minutes, at room temperature or at 60°C to allow solvent annealing. Solvent annealing 

of the films at temperatures higher than 60°C degraded the film homogeneity and created 

visible pin-holes. The samples were kept is a Pyrex desiccator and 5 ml of CB was added 
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to the bottom. Finally, thermal evaporation was carried out as described in chapter 4, 

section 4.4.4. The patterned Al electrodes deposited on top of photoactive layer define the 

device area ~1 mm2 for all the devices. All devices were encapsulated with glass slides 

using epoxy resin in an inert nitrogen atmosphere (~10% relative humidity) before 

characterization. Thermal annealing of the devices was carried out at 150°C for 5 minutes 

by keeping the OPVs in contact with a hot plate inside the glove box.   

6.2.2 Characterization of the inkjet-printed OPV devices  

The devices were characterized using the solar simulator and illuminated in the 

standard flat-panel orientation as described in chapter 4, section 4.5. To ensure the 

accuracy of the reported values, two sets of measurements of standard 

ITO/PEDOT:PSS/spin-coated P3HT:PCBM/Al were carried out: one with an aperture 

mask having the same areas of the cells and one without. The I-V characteristic ratios  for 

short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF) and PCE of 

these two sets of devices (8 cells for each) were used to  calculate the final performance 

of the inkjet-printed cells which were all carried out without an aperture mask.   

The optical absorption of the P3HT:PCBM blend films printed on PEDOT:PSS 

coated glass slides were measured using an OCEAN OPTICS spectrometer (model 

HR2000+). The UV-Vis absorption data of the P3HT:PCBM films are obtained after the 

subtraction of the absorption of the PEDOT:PSS covered substrates from the total 

absorption measured. The surface profile was characterized by a Tencor AlphaStep 200 

surface profilometer.  
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6.3 Results and Discussion 

This section has been divided into two sections. The first section investigates the 

interplay of processing, morphology and performance of OPVs. In the second section, the 

effect of different annealing parameters on device performance is detailed.  

6.3.1 Different methods of printing of P3HT:PCBM ink 

In inkjet-printing, the film is produced by ejecting drops at pre-defined regular 

intervals to create a liquid pattern that dries to form the film. The most commonly used 

printing patterns are lines or arrays (Figure 6.2 d). In the drop-on-demand mode of the 

inkjet-printer, a drop can be dispensed at a pre-defined point on the substrate. The 

adjacent drops merge together and form a continuous film when the drop spacing is 

decreased to a threshold value. The degree of overlap between adjacent lines can be 

varied to get different patterns. In this study, four matrices were printed with their degree 

of overlap being controlled by the spacing between their origins. This pattern is a 

variation of the array pattern and has been referred to as the multi-array (MA) pattern 

(Figure 6.2 a-c). A detailed study on the fabrication of defined and homogeneous films by 

inkjet-printing has been reported by Tekin et al. [13]. The partial drying of the first array 

before deposition of the second was shown to be beneficial in creating homogeneous 

films. It was concluded that the MA pattern rather than single array (SA) pattern resulted 

in regular and smooth films. OPVs were fabricated on films deposited using both 

patterns; upon comparison of their relative performances one could observe that on the 



199 
 
 

contrary, the MA pattern did not result in good device and was not suitable for printing 

the active layer of OPVs. Even though the films looked similar under the naked eye, the 

performance of the devices was very different, indicating a more complex relationship 

between the film pattern and device performance.  

 

 

Figure 6.2 Schematic representation of the multi-array (a-c) and single array (d) pattern with no 

overlap. The numbers represent the sequence in which the drops are dispensed. The dots of the same 

color belong to the same matrix and are deposited at the same run. All the patterns are printed in 

bidirectional mode. To form a multi-array pattern, (a) the first matrix is printed; (b) the second 

matrix is printed as defined by spacing between the origins of the matrices and (c) the final pattern 

after the printing of the third and fourth matrices. (d) The single array pattern with no overlap. 

Images of (e) multi-array and (f) single array print pattern.  
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Apart from the dependence on the print pattern, uniform film formation also 

depends on solvent formulation [14]. The spreading of the ink on the substrate is affected 

by the surface tension of the solvent while the drying behavior is determined by their 

evaporation.  A high boiling point solvent is used to prevent the precipitation of the solute 

and the clogging of the printhead, resulting in more effective long term output. However, 

a low boiling point solvent increases the evaporation rate, thus avoiding the coffee-ring 

formation and leading to the formation of a film with better morphology. In this section, 

the performance of OPVs fabricated with inkjet-printed P3HT:PCBM layer with various 

printing methods is discussed. 

To ensure the accuracy of the reported values, two sets of measurement of eight 

standard ITO/PEDOT:PSS/spin-coated P3HT:PCBM/Al devices were carried out: one set 

with an aperture mask and one without. The conversion ratios were calculated to be 0.85, 

0.98, 1.05, and 0.88 for JSC, VOC, FF, and PCE, respectively. These ratios were used to 

determine the final performance parameters of the inkjet-printed cells, which were 

characterized without an aperture mask. The detailed device performances are 

summarized in Table 6.1.  
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Print Pattern Solvent Conc (g/l) Abs (OD) PCE (%) Std. Dev. (%) 

Multi-array 
o-DCB and 

mesitylene 
1.25 0.321 0.01 5.08E-04 

Multi-array CB 1.25 0.382 0.10 4.02E-02 

Multi-array CB 10.0 0.389 0.59 1.76E-01 

Single layer single array CB 10.0 0.402 1.29 1.18E-01 

Table 6.1 Power conversion efficiencies of the BHJ OPVs fabricated with inkjet-printed 

P3HT:PCBM layer with various printing patterns: multi-array, single layer single array and their 

respective concentrations. The values are averaged over 8-10 devices. 

6.3.2 Printing patterns: multi-array, multi-layer single array, and single layer 

single array 

In our first study, a mixture of ortho-dichlorobenzene (oDCB) and mesitylene was 

used as the solvent to form the ink [9].  The concentration was kept low at 1.25 g/l. The 

optimum absorbance of the active layer of 0.3-0.4 optical density (OD) (based on the 

parameters of optimized spin-coated OPVs) was obtained by using multiple passes of the 

printer. Although various print patterns and substrate temperatures were used, it was 

difficult to maintain the consistency of the pattern formation and films printed with 

identical parameters varied visually with average efficiencies of the resulting OPVs less 

than 0.01 %. 

On the contrary, printing an MA pattern using a 1.25 g/l solution of P3HT:PCBM 

in chlorobenze (CB) with multiple passes led to more reproducible results. The resulting 

printed layer showed good homogeneity visually. The OPVs exhibited relatively better 

performance although with low JSC (1.78 mA/cm2) and VOC (0.18 V) (Figure 6.3). The 
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device characteristics remained poor with a typical efficiency of 0.095 %. This poor 

performance may be due to the incomplete merging of the drops. This hypothesis gains 

more credibility when we consider that in inkjet-printing the films are created by 

depositing discrete drops on top of each other and neighboring drops intermix to create a 

continuous film. Incomplete mixing of drops may potentially result in regions of isolated 

domains. The shunt resistance calculated was only 124 Ωcm2 and the series resistance 

was 64 Ωcm2. This resulted in a significant loss of photo-generated current. Printing a 

MA pattern with a higher concentration of 10 g/l showed an improved performance with 

an efficiency of 0.59 % (VOC = 0.45 V, JSC = 3.30 mA/cm2, FF = 0.34). The shunt 

resistance increased to 205 Ωcm2 and the series resistance decreased to 51 Ωcm2.  

 
Figure 6.3 Current-voltage curves for the BHJ OPVs fabricated with inkjet-printed P3HT:PCBM 

layer with three different printing conditions under AM1.5 illumination (100 mW/cm2): MA with 

low concentration (circles), MA with high concentration (triangles) and SA with high concentration 

(squares).  
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The improved device performance was attributed to the reduced number of arrays 

and hence reduced number of drops used to achieve the required absorbance. As a result 

of this finding, it followed that the best performance should be obtained by the limiting 

case of the MA pattern which is the single layer SA pattern. Devices were fabricated 

using single layer SA pattern with concentration of 10 g/l P3HT:PCBM solution. The 

device performance showed a significant increase with the efficiency at 1.29 % (Figure 

6.3). The JSC showed a 91 % increase from 3.30 to 6.29 mA/cm2. The VOC and FF were 

0.50 V and 0.41, respectively. The shunt resistance was 157 Ωcm2 and the series 

resistance further decreased to 18 Ωcm2.   
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6.3.3 Surface morphology of inkjet-printed films 

 

Figure 6.4 Images corresponding to surface morphology of the three different printing conditions: (a, 

b) MA with low concentration, (c, d) MA with high concentration and (e, f) SA with high 

concentration. The images are reconstructions of the film surface obtained using an optical 

microscope and converted to 3D using a Matlab program. The color scale gives the height profile of 

the film. The 2D images in the right hand column indicate the height variation of the film topology.  
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Profilometry studies of the films yielded further insight into the thin film 

morphology (Figure 6.7). 3D images were reconstructed via a Matlab program, 

combining images obtained using an optical microscope and profilometry data. The 

images are representative of the surface morphology on top of a base layer of the blend 

(Figure 6.4). From the images obtained we saw that, there were striking differences 

between the surface topographies as obtained by different print patterns. These variances 

can be explained by studying the film development process. In inkjet-printing, droplets 

were ejected successively to form a liquid pattern that dries down to form the film. The 

drops did not merge uniformly with its neighboring drops, instead each drop left a dense 

deposit along the perimeter to form a coffee-ring pattern as it dried [15]. The solute 

accumulated at the outer perimeter and created a ridge-like structure along the 

circumference. When another overlapping drop was deposited, it partially dissolved the 

previous drop but also created its own coffee-ring pattern. The entire MA film when seen 

under an optical microscope showed a pattern of intersecting coffee rings. The average 

height of the ridge for the case of MA film was ~ 700 nm.  

The ridge formation in the case of the SA film can be speculated to have been 

formed by a Kevin wave-like system. Any object moving along a liquid surface creates 

pressure variations at the water-air interface which manifests itself as a wave pattern. 

This wave pattern for a steadily moving point source can best described as two sets of 

waves; one that move forward and out from the disturbance (divergent waves), and the 

other set of waves that move in the direction of the disturbance (transverse waves, Figure 
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6.5). The corresponding linear theory was developed by Lord Kelvin in 1887, after whom 

this pattern is called Kelvin wave system, or Kelvin wake. 

 

Figure 6.5 Pattern of wave crests generated by a point pressure disturbance moving over deep water 

1- divergent waves 2- transverse waves. (Recreated by using parametric equations.) 

For the case of SA films, the dispersed drops hitting the substrate have an intrinsic 

velocity imparted to them by the moving tip and this can be compared to the moving 

point source. The heated substrate will affect the evaporation rates and will lead to the 

drying of the pattern as it flows out. As it reaches the edges, there is lesser and lesser 

solvent in the solution and when it finally evaporates it deposits the solute at the edges, 

forming ridges. 

 

Figure 6.6 The shaded area represents the area where there is less solvent present leading to 

deposition of solutes. (a) Pattern of wave crests generated by a point pressure disturbance moving 

over deep water (b) A typical profile created for SA pattern. 
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In attempting to correlate the film morphology and device performance, the entire 

device can be approximated as thin film OPVs connected in parallel with those having far 

thicker films. Thick film OPVs are associated with poor performance due to low carrier 

mobility and space charge effects [16, 17]. Even though the absorption is enhanced by 

increasing the thickness of the photoactive layer, it also leads to the buildup of space 

charge which decreases the electric field and thus, the dissociation efficiency [16]. 

Charge recombination losses are high due to the increased distance traversed by the 

carriers to reach their respective electrodes. Consequently, the JSC is very low for thick 

film OPVs because of leakage current and charge recombination. Furthermore, the 

reduced exciton efficiency is also responsible for the inferior VOC in thick film devices 

[18]. These thick film OPVs in parallel with the thin film OPVs do not contribute 

significantly to any photocurrent and instead reduce the VOC of the total device.  It has 

been reported that as the film thickness increases, the series resistance increases and 

shunt resistance decreases [19]. These thick regions will probably adversely affect their 

neighboring OPVs by providing shunt pathways for their charges and thus, reducing the 

overall device performance. The low shunt resistances of the devices can be attributed to 

the presence of the ridges.  
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Figure 6.7 Typical profilometer measurements of the topography of the surface in X and Y-axes in 

three different printing conditions: (a, b) MA with low concentration, (c, d) MA with high 

concentration and (e, f) SA with high concentration 

The region covered by the ridges for 1.25 g/l MA pattern is estimated to be 56 % 

and 53% along the X and Y-Axis, respectively. The percentage reduced for the 10 g/l 

MA pattern to 46 % (X-axis) and 41 % (Y-axis). The number of drops used to create the 

film was higher for the low concentration MA pattern and this coincided with an increase 

in the amount of film area lost due to the formation of thick regions along the drop 
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perimeters. The improved device performance of the high concentration MA OPVs can 

thus be attributed to the reduced number of drops required to create the film. Profilometry 

studies of devices fabricated using SA pattern with concentration of 10 g/l P3HT:PCBM 

solution showed a striated topography (Figure 6.4 e-f and Figure 6.7 e-f). The ridges were 

present but they were uniformly distributed along the X and Y-Axis. The area lost 

reduced to 0 % along the X-Axis and was 41 % along the Y-Axis. A correlation between 

the area lost due to the formation of thick film ridges and the decrease in the performance 

of the OPV was observed. The percentage of thin printed regions was highest in SA 

pattern and thus, it gave the best performance as expected. 

Using the SA print pattern, OPVs with efficiency of one order of the magnitude 

higher than that printed with MA with the same absorption were obtained. In addition, 

more reproducible results are obtained for the case of the SA print pattern with a standard 

deviation of only 9 %. In contrast, the standard deviation for the devices fabricated by the 

MA print pattern reaches as high as 30 %. Therefore, it can be concluded that single layer 

SA print pattern provides a two-fold advantage, i.e. it gives the highest efficiency as well 

as the most consistent performance. This result proves the significance of printing in a 

single layer SA pattern for the performance of BHJ OPV devices. 
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6.3.4 Analysis of dark characteristics 

 

Figure 6.8 Semi-logarithmic representation of dark current density-voltage curves for the BHJ OPVs 

fabricated with inkjet-printed P3HT:PCBM layer with three different printing conditions): MA with 

low concentration 1.25 g/l (circles), MA with high concentration 10 g/l (triangles) and SA with high 

concentration 10 g/l (squares) 

To further investigate the effect of different patterns, dark current density-voltage 

log-linear curves were plotted for the BHJ OPVs fabricated with inkjet-printed 

P3HT:PCBM layer with three different printing conditions (Figure 6.8). Negative bias is 

defined as negative voltage applied to the ITO contact and positive voltage on Al. The 

current in forward bias was much larger compared to the reverse bias current. The 
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rectification ratio for the cells with MA low concentration blend of 1.25 g/l was only 7.13 

at ±2 V. At a reverse bias voltage of -2 V, MA low concentration cell gave a current 

density of 211 mA/cm2. Such a large reverse current density for MA low concentration 

cell is an indication of the large number of leakage paths which can form due to 

incomplete integration of the drops. Increasing the blend concentration for MA decreased 

the reverse current density and the rectification ratio increased to 96.25 at ±2 V. The SA 

cells printed with 10 g/l showed the highest rectification ratio of 123.89 at ±2 V. This 

further demonstrates the advantage of films formed using a single layer SA pattern for 

OPV fabrication. A set of OPVs were also fabricated with a low concentration in a multi-

layer SA pattern. Due to the low concentration of the blend, 16 complete passes were 

required to obtain an absorbance of 0.41 OD. The profilometry studies show that even 

though the area lost was 0 % along the X-axis but was high at 78 % along the Y-axis. 

This can be correlated to the large number of passes used for the fabrication of the film. 

The surface morphology resembled ridges with very narrow ‘valleys’. These ‘valleys’ are 

the regions which have the required thickness to effectively dissociate excitons. A 

decrease of these ‘valleys’ led to a decrease of device performance. The corresponding 

average device efficiency was 0.02 % with low JSC of 0.42 mA/cm2. 
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6.3.5 Universality of SA pattern 

 

Figure 6.9 Cross-sections obtained by profilometry of the inkjet-printed P3HT:PCBM films in the Y-

direction using the SA print pattern. The cross-sections correspond to varying overlaps (details in the 

inset).  

The single layer SA pattern was also printed using 20 g/l P3HT:PCBM solution 

(Table 6.2) with different drop spacings to study how the overlaps affect OPV 

efficiencies. The drop spacings were adjusted to get the required absorbance. When the 

drop spacing was less than 0.1 mm, the efficiency was in the range of 0.02 - 0.05 %. 

When the drop spacing was 0.1 mm (0 % overlap), the device performance showed a 

significant increase with the efficiency at 1.29 %. However, the film homogeneity was 

lost on further increasing the drop spacing to more than 0.1 mm, which the film is 

comprised of individual lines. Profilometry studies show the different profiles along the 
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Y-axis (Figure 6.9). As the overlap increases, the region covered by the ridges increases: 

from 47 % for 0 % overlap to 85 % for 50 % overlap along the Y-axis, which 

corresponds to a decrease in the performance. This proves that increase in the thick ridge 

regions will lead to poorer performances, irrespective of the pattern. This also proves the 

universality of the single layer SA pattern. Similar OPV efficiencies can be achieved as 

long as the absorption is controlled to be ~ 0.4 OD and the area covered by ridges is less 

than 50%. 

Drop Spacing  

(nm) 

Absorption  

(OD) 

JSC  

(mA/cm2) 

VOC  

(V) 

PCE  

(%) 

FF 

 

x= 0.05 y= 0.05 1.270 0.42 0.51 0.02 0.09 

x= 0.03 y= 0.03 0.974 0.64 0.55 0.04 0.12 

x= 0.10 y= 0.08 0.552 5.48 0.43 1.00 0.42 

x= 0.10 y= 0.10 0.417 6.92 0.43 1.29 0.43 

Table 6.2 Device parameters of the BHJ OPVs fabricated with inkjet-printed active layer with 

different film absorption. The films were printed with SA print pattern with a P3HT:PCBM blend of 

20 g/l concentration in CB. The values are averaged over 5-8 devices. 

6.3.6 Annealing conditions of printed single layer array OPVs: Solvent annealing, 

thermal annealing, and other combinations  

6.3.6.1 UV-Vis absorption spectrum 

UV-Vis absorption spectroscopy is used to probe the electronic structures from 

which morphological changes of the active layer of the OPVs are inferred as reflected by 

the changes in their optical properties. It gives us an insight to the aggregation and degree 



214 
 
 

of order of the polymer chains. For a given thickness of film, the maximum optical 

absorption is a direct function of its crystallinity [20]. Figure 6.10 shows the effect of 

annealing on UV-Vis absorption spectra for the films of P3HT:PCBM printed on 

PEDOT:PSS coated glass slides. The untreated P3HT:PCBM film (No. 1) displayed three 

bands which can be attributed to the intrinsic π-π* transitions of P3HT [21, 22]. The 

broad absorption peak centered at ∼ 480 nm (2.58 eV) is linked to the intra-molecular π–

π* delocalized (HOMO–LUMO) transitions. The shoulders around ∼ 550 nm (2.25 eV) 

and 600 nm (2.06 eV) are often attributed to the 0–1 and 0–0 transitions respectively; 

however their assignment is under debate [21,23]. After the films were thermally 

annealed (No. 3), the spectrum showed increased absorption across the spectrum and a 

bathochromic shift in the absorption wavelength (λmax) by 5 nm without any significant 

change in the shape of the shoulders at 550 and 600 nm. Solvent annealing carried out at 

room temperature (No. 2) caused the λmax to red-shift by 14 nm. Its absorption, though 

higher than the untreated film, was less than that of the thermal annealed films. After 

solvent annealing at 60°C (No. 4), the UV-Vis spectra showed an increased absorption 

compared to the untreated case and a red shift of 12 nm.  
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Figure 6.10 UV-Vis absorption spectra obtained for P3HT:PCBM thin films with different 

treatments: unannealed (No. 1), solvent annealed at room temperature (No. 2), thermal annealed 

(No. 3) and solvent annealed at 60°C (No. 4) 

Since all the films were fabricated under similar conditions, changes in the peak 

absorption wavelength after annealing can be attributed to an increased interchain 

interaction among P3HT chains. Increased interchain interaction among the P3HT chains 

results in a lower energy state of more delocalized conjugated π electrons and causes the 

lowering of the band gap between π and π* resulting in the observed red-shift in the peak 

absorption wavelength [22]. The absorption spectrum peaks were higher for the thermal 

annealed case than any other annealing condition. However, the most prominent effect of 

solvent annealing treatment at 60°C was that the three vibronic peaks were much more 
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pronounced than the ones observed in both the thermal annealed and the solvent annealed 

films, indicating a higher degree of ordering [24, 25]. The pronounced peaks of film No. 

4 suggest that solvent annealing at 60°C causes a greater degree of ordering, due to the 

self-organization of molecules through the convection medium of the solvent with the aid 

of extra thermal energy provided. Solvent molecules at higher temperature have an 

enhanced molecular mobility and it will facilitate the movement of the molecules during 

the process of self-organization [26]. The surface of the films fabricated by the SA 

pattern show a striated topography. Thermal annealing and solvent annealing at room 

temperature does not change the topography. In comparison, a 30 % reduction in peak 

height has been observed when solvent annealed at 60°C. The reduction in the height of 

the ridges indicates some recovery of previously ‘dead’ regions by decreasing the 

percentage of regions covered by these ridges. A decrease in the region covered by the 

ridges leads to improved device performance. 
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6.3.6.2 Electrical characterization 

 

Figure 6.11 J-V curves of OPVs under AM1.5 illumination (100 mW/cm2):  unannealed (No. 1), 

solvent annealed at room temperature (No. 2), thermal annealed (No. 3) and solvent annealed at 60°C 

(No. 4). 

Figure 6.11 shows the J-V characteristics under illumination for the printed OPVs 

before and after various annealing treatments. The device performance was significantly 

affected by the annealing conditions as shown. The unannealed OPVs showed an average 

PCE of 1.43 % (VOC = 0.45 V, JSC = 6.27 mA/cm2, FF = 0.49). The series resistance was 

14.48 Ωcm2 and the shunt resistance was 239.23 Ωcm2. After thermal annealing, the VOC 

increased significantly to 0.54 V and an improvement of Jsc (7.26 mA/cm2) is observed. 
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The average shunt resistance of the devices decreased to 197.47 Ωcm2 and this led to a 

reduction in FF from 0.49 to 0.42. The increase in VOC and JSC compensated for the 

decrease in FF and led to an improvement in PCE from 1.43 % to 1.63 %. Solvent 

annealing at room temperature caused the PCE to increase to 1.54 % with the VOC 

unchanged (0.45 V). The series resistance declined slightly to 13.11 Ωcm2 and the shunt 

resistance also decreased to 163.18 Ωcm2, correspondingly the FF reduced to 0.45. The 

JSC showed a minor increase (7.51 mA/cm2). After solvent annealing at 60°C, the OPV 

exhibited the lowest series resistance at 10.09 Ωcm2 and the maximum shunt resistance at 

240.43 Ωcm2. The devices exhibited the best PCE of 1.99 % with the highest value of JSC 

(7.89 mA/cm2), the VOC was 0.51 V and the FF was 0.49. The increase in JSC originates 

from the increased degree of P3HT domain crystallinity as indicated by the UV-Vis 

absorption curves. The summary of device performance of various OPVs fabricated in 

this study is provided in Table 6.3. The solvent annealed OPVs where subsequently 

thermal annealed as well. The average device performance degraded from 1.54 % to 0.99 

% for the devices solvent annealed at room temperature and from 1.99 % to 1.54 % for 

the devices solvent annealed at 60°C. This suggests that the crystalline domain size have 

already reached their optimum limit after solvent annealing for 30 minutes and further 

annealing leads to excessive coarsening of the domains which increases exciton 

recombination and hinders efficient charge transport. This is analogous to the degradation 

of OPV performance on thermal annealing at high temperatures [27].  
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Device 

 

Annealing Treatment 

 

Efficiency 

(%) 

JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

1 No annealing 1.43±0.18 6.27±0.93 0.45±0.01 0.49±0.02 

2 
Solvent annealing a) at 25 

°C for 30 minutes 
1.54±0.11 7.51±1.04 0.45±0.02 0.45±0.02 

3 
Thermal annealing b) at 150 

°C for 5 minutes 
1.63±0.11 7.26±0.70 0.54±0.02 0.42±0.02 

4 
Solvent annealing a) at 60 

°C for 30 minutes 
1.99±0.19 7.89±1.34 0.51±0.01 0.49±0.02 

a) Before Al deposition b) After Al deposition 

Table 6.3 Characteristic parameters of the BHJ OPVs fabricated with inkjet-printed P3HT:PCBM 

layer with various annealing treatments under AM1.5 illumination (100 mW/cm2). All the values are 

averaged over 16 devices. 

6.4 Conclusion 

In this chapter, the fabrication, electrical and optical characterization of inkjet-

printed OPVs is discussed. The effect of print pattern and annealing treatment on the 

efficiency of the OPVs is investigated. It is clear that when MA or multi-layer SA pattern 

was used to fabricate the active layer, the device performance is poor with efficiency less 

than 1%. A single layer SA print pattern is found to be more suited for the fabrication of 

OPVs. The OPVs fabricated with the single layer SA films gives an average efficiency of 

1.29 % as well as the most consistent performance. The optimum annealing condition for 

the printed OPV is determined to be solvent annealing at 60°C, giving an efficiency of 

1.99 % for the single layer SA devices.  
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Film formation by inkjet-printing differs from the other conventional film 

deposition in several crucial aspects. In inkjet-printing the film is formed by sequentially 

printing lines or dots, which dries down to form the film. This film formation process 

differs from that of spin-coating technique, in which the excess solution is spun-off to 

give a flat layer, which dries to give the final film, and from that of doctor-blading 

process in which a solution is spread over a large area simultaneously and then dried. 

Even though morphological studies have been done on spin-coated or doctor-bladed 

photoactive films, the results of those studies cannot be directly transferred to the inkjet 

films which present unique challenges. The results obtained in this chapter represent 

important steps towards the better understanding of the inkjet-printing process of 

polymers for OPVs. The findings of this chapter have been published in the Journal of 

Materials Research [28]. 
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7. Fabrication of Inkjet-printed Organic Photovoltaics on Flexible Ag 

Electrode with Additives  

7.1 Introduction 

In this chapter, two key challenges of organic photovoltaics (OPVs) have been 

tackled: replacement of indium tin oxide (ITO) by a stable, flexible thin film Ag 

electrode and deposition of photoactive layer by inkjet-printing. We developed OPVs 

printed on Ag electrodes with the photo-active P3HT:PCBM blend incorporated with a 

high boiling point additive: 1, 6-hexanedithiol (HDT) which show comparable power 

conversion efficiency (PCE) as that fabricated by spin-coating. The reported procedure of 

solar cell fabrication without ITO and spin-coating of the active layer is a vital step 

towards a fully printable solar cell with a potential for mass production. 

As detailed in chapter 5, an essential task for OPV research is to find an ideal 

electrode which has the best combination of optical transparency and low sheet resistance 

and also yields a maximum operating voltage from the photoactive materials.  In our 

previous work, we have reported the use of thin film Au and Ag as a replacement for ITO 

[1-3]. The XPS measurements show that Ag anodes are more chemically stable than ITO 

since indium oxide is more reactive to the acidic component of PEDOT:PSS while Ag is 

not [4]. Subsequently the optical transmittances and electrical conductivities of the 

metallic films were optimized and viable OPVs with thin film Au and Ag anodes were 

demonstrated. However, active layer deposition was still done by spin-coating. 
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In chapter 6, inkjet-printing was used to deposit P3HT:PCBM blend as active 

layer.  The effect of print pattern and annealing treatment on the efficiency of the inkjet-

printed (IJP) OPVs was investigated. The optimum annealing condition for the printed 

OPV is determined to be solvent annealing at 60°C.  While significant PCE 

improvements have been observed in the optimally annealed devices, the device 

performance is very susceptible to minor changes in the processing conditions and a 

precise control is essential. Furthermore, post-production treatment of active layer adds 

an extra step to the fabrication process. In this chapter a simpler and more viable 

alternative to post-production treatment has been explored. The use of processing 

additives to control the morphology and improve OPV performance is well studied and 

understood for spin-coated films [5-7]. However, the micro-morphology of the IJP films 

is vastly different and the results of the present studies using spin coating cannot be 

directly transferred to the unique challenges of inkjet-printing. By comparing the 

topographies of the films and characteristics of devices made with different 

concentrations of the additive, an insight of the film formation is obtained. The effect of 

1, 6-hexanedithiol (HDT) in P3HT:PCBM printed films has been investigated in detail.  

Our results for OPVs based on P3HT:PCBM where the active layers are prepared 

by inkjet-printing the blend solutions in chlorobenzene (CB) with or without the HDT. A 

systematic study of the printed films using profilometry also provides an understanding 

of how the modification of the film topography affects the device performance. In 

addition OPVs printed on Ag electrode showing comparable PCE as that fabricated by 

spin-coating with the modified photoactive blend containing HDT. The goal is to 
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demonstrate an OPV with true potential for mass production and not a ‘champion’ device 

which can only be fabricated in laboratory conditions.  

7.2 Controlling Morphology using Additives 

Performance of the OPV’s is very sensitive to the nano-morphology of its active 

layer. An optimum morphology should consist of a bi-continuous interpenetrating 

network with percolative pathways for carrier transport as well as large donor-acceptor 

interfaces [8, 9]. Manipulation of the nano-morphology is generally achieved by 

annealing treatments. However, the active layer is very sensitive to the annealing 

conditions and the relevant parameters such as temperature, evaporation rate of the 

solvent, and duration of annealing time and has to be precisely controlled [10, 11]. A 

simpler alternative route for improving BHJ nano-morphology is the incorporation of a 

small volume of high boiling point solvents into the photoactive blend. These act as 

“processing additives” leading to the intelligent phase separation of the active layer into 

an optimum morphology without reacting with either components of the blend [12]. 

Developing low-cost and low-temperature solution-processing methods without post-

fabrication processing is crucial for large-area device fabrication. 

 

Selection of appropriate solvent additive 

One of the strategic requirements of a suitable solvent additive is that it should 

have a higher boiling point than that of the host solvent. It allows the additive molecules 

to stay longer in the blend and therefore has the potential to interact and affect the 
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organization of the active BHJ components material upon the evaporation of the host 

solvent during film formation. Thus, it changes the drying kinetics in situ. Furthermore, 

the additive should have a preferential solubility with either one of the donor or acceptor 

phase molecules or one of the active components should have a differential solubility 

between the additive and the host solvent.  

 

Figure 7.1 Schematic depiction of the role of the processing additive in the self-assembly of bulk 

heterojunction blend materials. Adapted and redrawn from [12]. 

The concept of using solvents which distinctly dissolve one component of the 

blend has been widely used to induce nano-scale phase segregation and obtain the desired 

morphology [13-16]. Alkane-thiol based compounds satisfy both the empirical criteria 

and thus are very widely used with 1,8-octanedithiol (ODT) being used extensively with 

the P3HT:PCBM blend [13, 17, 18]. The effect of the additive, resulting in the formation 

of an optimum nano-morphology, is attributed to the ability of alkane-dithiol to 

selectively dissolve the fullerene phase, whereas the polymer phase remains relatively 
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insoluble [12, 19]. The fullerene remains in solution longer than the polymer, leaving 

more room for the polymer network to self-align and crystallize with fewer restrictions 

(Figure 7.1). Yao et al. attributed the effectiveness of ODT in the P3HT:PCBM system 

(with dichlorobenzene, DCB, as solvent) to the low solubility of PCBM in ODT 

compared with that in DCB, which causes the fullerene molecules to form aggregates, 

allowing more freedom for P3HT to undergo the crystallization process [13]. For this 

study we chose 1,6-hexanedithiol (HDT), possessing similar chemical structure as ODT 

with the added advantages of being more cost-effective and non-toxic (Table 7.1).  

 

Figure 7.2 Chemical structures of (a) 1,6-hexanedithiol (HDT) and (b) 1, 8-octanedithiol (ODT). 

Additives B.P.°C at 

760 Torr 

Price 

(25g) 

Hazard 

Codes 
Risk Statement Safety Statement 

HDT 242 $ 58.00 - - 

23-24/25 

(Do not breathe gas/vapor; 

Avoid contact with skin and 

eyes) 

ODT 270 $ 386.00 
Xn 

(Harmful) 

22 (Harmful if 

swallowed) 

36 

(Wear suitable protective 

clothing) 

Table 7.1 Comparison of the price and safety information  of 1,6-hexanedithiol (HDT) and 1, 8-

octanedithiol (ODT) [20]. 
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7.3 Fabrication of Devices 

To test the effectiveness of the additive, P3HT:PCBM blends (5 g/L in anhydrous 

CB with a ratio of 1:0.68 by weight) with varying percentage of the additive (1-3 vol. %) 

were prepared and stirred for an hour at 60°C before deposition. To investigate how the 

additive affects the OPV performance, four sets of OPVs were fabricated on ITO using 

these blends of varying concentration of HDT from 0 to 3 % by inkjet-printing. The ITO 

substrates were prepared as detailed in chapter 4, section 4.4. Once the active layer was 

deposited, appropriate substrates were solvent annealed in a CB vapor rich environment 

for 30 minutes followed by curing in an 80 °C oven for 1 hour before thermal 

evaporation of the Al cathode. 

In the case of Ag anode OPVs, the Ag thin film was thermally evaporated onto 

PEN substrates using process parameters described in chapter 4, section 4.4. The UV 

treatment time for the Ag films before PEDOT:PSS deposition was reduced to 5 minutes 

to protect the Ag film from losing adhesion to the substrate. Once the active layer was 

deposited, the thermal evaporation was carried out as described in chapter 4, section 4.4. 

Thermal annealing was carried out, when necessary, at 150 °C for 5 minutes by keeping 

the OPVs in contact with a hot plate inside the glove box. 

For inkjet-printed films, an optimized voltage of 25±1 V, and dwell time of 40 µs 

was used. The films were printed with single layer single array print pattern with a 

P3HT:PCBM blend of 5 g/l concentration in CB at a speed of 5 mm/s [21]. Temperatures 

of inkjet-printer head and substrate were kept at 50°C and 60°C, respectively. The film 
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thickness was controlled by the volume of ink droplets, the drop separation, concentration 

of the blend and other parameters. The optimum thickness of the P3HT:PCBM layer was 

determined to be ~50 nm (by profilometer) by varying the parameters.  

The average active area of the ITO devices was 1.43 mm2 and for the Ag-PEN 

OPVs was 45 mm2. All devices were encapsulated with glass slides using epoxy resin in 

an inert nitrogen atmosphere (~10% relative humidity) before characterization. 

7.4 Inkjet-printed OPVs with Additive  

Optimization of the additive concentration 

To investigate how the additive affects the OPV performance, we prepared 

P3HT:PCBM blends with varying concentration of HDT from 0 to 3 %. Four sets of 

OPVs were fabricated on ITO using these blends by inkjet-printing. Figure 7.3 and 7.4 

show the J-V characteristics of the additive-added blends under AM 1.5G irradiation at 

100 mW cm-2 and the summary of the device performance is tabulated in Table 7.2. The 

fabrication procedures were kept identical for all sets of cells for comparison purposes. 

Both pristine (0% HDT) and solvent-annealed (SA) devices were also included for 

comparison. 
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7.4.1 Electrical characterization 

 

Figure 7.3 J-V characteristic plots of printed OPVs with different concentrations of 1,6-hexanedithiol 

under AM1.5 illumination (100 mW/cm2). 

The pristine devices without any additive demonstrated poor photovoltaic 

characteristic and shows the lowest short circuit current (JSC) of 3.86 mA cm-2 giving a 

PCE ~ 0.81 %. However, the incorporation of a minute amount of additive (1 %) 

improves the device performance, with the PCE increasing by almost 40 % as compared 

to the pristine blend. In addition, these additive-blended devices exhibited a variation in 

PCE depending on the concentration of HDT used (Table 7.2). The variation is depicted 

graphically in Figure 7.5. Upon further increasing the amount of HDT, the photovoltaic 

performance keeps improving, showing a monotonic increase in JSC. Increasing the 

concentration of HDT from 0 % to 2 % enhanced the PCE by 80 %, from 0.81 % to 1.46 
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%. The JSC of the 2 % HDT OPVs was 60 % higher than the untreated OPVs and the 

highest JSC obtained was 7.27 mA cm-2.  

% HDT Post-treatment η (%) JSC (mA/cm2) VOC (V) FF Rs (Ωcm2) 

0 none 0.81 3.86 0.47 0.45 28.84 

1 none 1.11 4.91 0.50 0.45 24.32 

2 none 1.46 6.29 0.52 0.45 18.95 

3 none 0.83 4.10 0.45 0.45 21.41 

Table 7.2 Device parameters of the BHJ OPVs fabricated with inkjet-printed active layer with 

different concentrations of HDT added to the base solution composed of 5 g/l P3HT: PCBM with 

1:0.68 weight ratio in CB. More than 8 devices were made and the averaged values are shown. 

However, on further increasing the concentration of HDT in the blend to 3 %, the 

OPV performance degraded, caused by a decrease in both JSC and VOC.  

 

Figure 7.4 J-V characteristic plots of printed OPVs with 2% and 3% of 1,6-hexanedithiol under 

AM1.5 illumination (100 mW/cm2). 
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Figure 7.5 Photovoltaic response of printed OPVs with different amounts of 1,6-hexanedithiol.  

The improved performance of 1 % HDT OPV suggests the onset of enhanced 

phase segregation compared to the pristine film. The best performance was obtained in 

the case of 2 % HDT and this can be related to an optimum phase separation between the 

polymer and the fullerene. The 2 % HDT blend has been reported to exhibit smaller 

PCBM rich domains and no loss in photocurrent which suggests that exciton dissociation 

and charge transport are equally optimized [22]. On further increasing the concentration 

of HDT in the blend to 3 %, the OPV performance degrades. This may be caused by 

aggregation of PCBM in the blend film, resulting in increase in the size of the PCBM rich 

domains when more and more HDT is added. The decrease in VOC from 0.52 V (2 % 

HDT) to 0.45 V (3 % HDT) supports this hypothesis [22, 23]. Due to the large domains, 
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the recombination probability would increase leading to lower JSC. Also, the increase in 

series resistance (RS) of the 3 % HDT blend to 21.41 Ωcm2 from 18.95 Ωcm2 (2 % HDT), 

blend suggests poor blend morphology in the processed film. The concentration of the 

processing additive allows the control of the amount of phase separation between the 

donor and the acceptor. 

On subjecting the devices to post-production thermal annealing, the performance 

of pristine OPV improved and that of additive-blended OPVs degraded.  For the 2 % 

HDT OPVs, JSC slightly decreased from 6.29 to 5.88 mA/cm2 (by 7%), the VOC reduced 

from 0.52 to 0.43 V (by 17 %) and the FF also decreased from 0.45 to 0.42 (by 7%).  As 

a result, the PCE degraded from 1.46 to 1.06 % (by 27%). This suggests that the optimum 

phase separation has already taken place and post-annealing leads to excessive 

coarsening of the domains which increases exciton recombination and hinders efficient 

charge transport [24]. 

 

% HDT Post-treatment 
Device Area 

(mm2) 
Efficiency 

(%) 
JSC 

(mA/cm2) 
VOC       

(V) 
FF 

0 thermal annealing 1.56 0.93 5.25 0.42 0.42 

1 thermal annealing 1.63 0.81 4.74 0.42 0.41 

2 thermal annealing 1.45 1.06 5.88 0.43 0.42 

3 thermal annealing 1.29 0.95 5.54 0.43 0.40 

Table 7.3 Device parameters of the BHJ OPVs fabricated with inkjet-printed active layer with 

different concentrations of HDT after thermal annealing. More than 8 devices were made and the 

averaged values are shown. 
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Performance of the device with 2 % HDT was comparable to that of the pristine 

device after solvent annealing. Solvent annealing (SA) has been reported to induce self-

organization of the P3HT which leads to improved nano-morphology [10]. Consequently, 

the PCE improves to 1.08 % in the solvent-annealed pristine device which is mainly a 

result of an increase in JSC (Figure 7.6). The JSC improves from 3.86 mAcm-2 to 4.79 

mAcm-2 (24 % increase) when SA, however there is 63% improvement in JSC for the 

device with 2% HDT, making addition of HDT a more beneficial proposition (Table 7.4). 

 

% HDT Post-treatment 
Efficiency 

(%) 

JSC 

(mA/cm2) 
VOC (V) FF 

Series 

resistance 

(Ωcm2) 

0 none 0.81 3.86 0.47 0.45 28.84 

0 solvent annealing 1.08 4.79 0.49 0.46 22.41 

2 none 1.46 6.29 0.52 0.45 18.95 

Table 7.4 Device parameters of the BHJ OPVs fabricated with inkjet-printed active layer with 

different concentrations of HDT added to the base solution composed of 5 g/l P3HT: PCBM with 

1:0.68 weight ratio in CB. More than 8 devices were made and the averaged values are shown. 
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Figure 7.6 J-V characteristic plots of printed OPVs with 0% and 2% of 1,6-hexanedithiol under 

AM1.5 illumination (100 mW/cm2). SA stands for solvent annealing. 

 

Figure 7.7 Semi-logarithmic representation of dark current density-voltage curves for the BHJ OPVs 

fabricated with inkjet-printed P3HT:PCBM layer with four different concentrations of 1,6-

hexanedithiol. 
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Dark current density-voltage curves were also recorded for the four sets of OPVs 

fabricated with different concentration of HDT (Figure 7.7). Negative bias is defined as 

negative voltage applied to the ITO contact and positive voltage on Al. Rectification ratio 

for the cells with 0 % HDT was 225.02 at ±2 V. Addition of additives increased the 

rectification ratio to 422.07, 1001.12 and 590.06 for 1 %, 2 % and 3 % HDT respectively. 

The 2 % HDT OPVs showed the highest rectification ratio which was one order of 

magnitude higher compared to the untreated cells. This further demonstrates that the 

P3HT:PCBM blend is optimized at a concentration of 2 % HDT.  

7.4.2 Characterization of morphology 

Besides the BHJ nanomorphology which has been studied extensively, there is 

another factor coming into play with inkjet-printing, which is the structure at the micron 

level. The profilometry studies of the films revealed a striated morphology. The surface 

has periodic ridges running parallel to each other giving it a ridged appearance. The 

images of Figure 7.8 (image size 800 µm by 800 µm) are representative of the surface 

morphology on top of a base layer of the blend. The film preparation conditions for the 

images were kept the same as those in device fabrication for accurate comparison. The 

films were printed using a single layer single array pattern  [21]. Each drop left a dense 

deposit along the perimeter to form a coffee-ring pattern as it dried [25]. As the drops 

were placed adjacent to each other, the deposit accumulated normal to the direction of the 

deposition giving rise to a grooved topography. 
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Shown in Figures 7.8 and 7.9; the typical height of blend films processed with and 

without HDT. Two features are observed from the comparison: the peak heights of the 

surface processed with HDT is significantly lower than that without HDT and there was a 

distinct monotonic decrease in height of the ridges as the concentration of HDT 

increased. The height of the ridges was 693 nm for the films without any additive. For 1 

%, 2 % and 3 % the height were 352 nm, 182 nm and 113 nm, respectively (Figure 7.9). 

 

Figure 7.8 Cross-sections obtained by profilometry of the inkjet-printed P3HT:PCBM films in the Y-

direction. The films correspond to the four different percentages of HDT: 0 % (blue), 1 % (black), 2 

% (green) and 3 % (red). 
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Figure 7.9 Images corresponding to surface morphology of the active layer inkjet-printed with four 

different concentrations of HDT: (a, b) 0 %, (c, d) 1 %, (e, f) 2 % and (g, h) 3 %. The images are 

representations of the film surface obtained using an optical microscope and converted to 3D images 

using a Matlab program. The color scale gives the height profile of the film which was measured by 

profilometry. The 2D images in the right hand column indicate the height variation of the film 

topology.  
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7.4.3 Origin of the film topology  

The physical properties of the ink can be changed by adding additives, such as the 

evaporation rate of the solvent (boiling temperature) and surface tension of the droplet. 

To elucidate what factors can cause such dramatic difference on the film topologies, we 

discuss each factor as following:  

Raoult’s law states that the vapor pressure of an ideal solution is directly dependent on 

the vapor pressure of each chemical component and the mole fraction of the component 

present in the solution. So, a perfect solution can be defined mathematically as one whose 

components follow Raoult's law 

 𝑝𝑖 = 𝑝𝑖𝑜𝑋𝑖 (7.1)  

where 𝑝𝑖 is the partial vapor pressure of the ith component above the solution and 𝑝𝑖𝑜 is 

the vapor pressure of pure component i at the same temperature. At the boiling point the 

sum of the solvent and solute partial pressures must equal the barometric pressure p, 

giving  

 𝑝 = 𝑝1 + 𝑝2 (7.2)  

Using Raoult's law we get, 

 𝑝 = 𝑋1𝑝1𝑜 + 𝑋2𝑝2𝑜 (7.3)  

The mass conservation relation 𝑋1 + 𝑋2 = 1 have been employed, 

 𝑝 = (1 − 𝑋2)𝑝1𝑜 + 𝑋2𝑝2𝑜 (7.4)  
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With the assumption that all vapors may be treated as ideal gases, the vapor pressure and 

temperature along a single-component liquid-vapor coexistence curve are related by the 

Clausius - Clapeyron equation: 

 𝑑𝑝𝑖𝑜 = �
𝜆𝑖𝑝𝑖𝑜

𝑅𝑇2
�𝑑𝑇 (7.5)  

or, 

 𝑝𝑖𝑜(𝑇) = 𝑝 𝑒𝑥𝑝 �−𝜆𝑖
(𝑇−1 − 𝑇𝑖−1)

𝑅
� (7.6)  

 

where 𝜆𝑖, the heat of vaporization of component i, is taken to be constant over the 

temperature range of interest. The initial condition in eqn. (5.6) is that the temperature 

equal the boiling temperature of pure component 𝑖 when 𝑝𝑖𝑜equals the barometric 

pressure, i.e., 𝑇 = 𝑇𝑖when 𝑝𝑖𝑜 = 𝑝. 

Combining equations we get for a binary mixture which behaves according to 

Raoult’s law, the following relation applies [26]:  

 

(1 − 𝑋2) exp �−
𝜆1(𝑇𝑚−1 − 𝑇1−1)

𝑅
�

+ 𝑋2 exp �−
𝜆2(𝑇𝑚−1 − 𝑇2−1)

𝑅
� = 1 

(7.7)  

where T is the boiling temperature, λ represents the molar heat of vaporization, X denotes 

the mole fraction, R is the universal gas constant and the subscripts 1, 2 and m represents 

the first, second solvent and the solvent mixture, respectively.  
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In the case of a dilute solution (X2 << 1) and when one component is less volatile 

than the other (λ2 > λ1), the change in the boiling point as a function of composition is 

obtained by the approximation:  

 ∆𝑇 ≅ �
𝑅𝑇12

𝜆1
� �1 − exp �−

𝜆2(𝑇1−1 − 𝑇2−1)
𝑅

�� ∗ 𝑋2 (7.8)  

Using these relations the initial colligative properties of the blends were obtained. The 

boiling temperatures of the blends were calculated to be 131.9, 132.1 and 132.4°C for 1, 

2 and 3 % HDT respectively. These slight elevations of the Tb cannot account for the 

decrease in peak heights.  

On the other hand, if the surface tension of the additive is less than that of the host 

solvent, it leads to enhanced surface wetting [27] causing the solvent to spread out more 

and which might reduce the ridge heights. However, the surface tension of both the fluids 

was similar (0.03328 N/m for CB and 0.0335 N/m for HDT), which also rules out 

improved surface wetting due to lower surface tension as a reason for the shorter peaks. 

For the polymer printing, the drying process immediately starts after the drop 

deposition on the heated surface of the printing stage. Due to the difference in the Tb of 

the two solvents, there will be a change in the composition of the solvent mixture over 

time. Initially, the mole fraction of HDT is less than 0.02. However, the more volatile 

solvent (CB) will evaporate faster and the mole fraction of HDT will grow larger and 

thus, boiling point of the mixture will increase too. The more percentage of additive 

present in the solvent mixture, the longer duration of time P3HT:PCBM will remain in 

the dissolved state, thereby enabling increased surface wetting and spreading. The 
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decrease in the drying rate of the solvent mixture might be a possible reason which leads 

to reduced ridge height. 

Due to its striated topography, a printed OPV device can be approximated as thin 

film OPVs connected in parallel with thicker ones. The number of photons absorbed and 

excitons generated is greater for thicker active layers; however, low charge carrier 

mobilities and short exciton diffusion lengths of the organic molecules limit the 

efficiency of these OPVs.  The charge recombination losses are high due to the increase 

in the carrier drift length [11, 28]. These thicker regions will adversely affect their 

neighboring thin OPVs by providing shunt pathways for their charges and thus, reducing 

the overall device performance. It follows that thicker regions would lead to degraded 

performance. As the height of the ridges decrease, losses due to the thick layers will be 

reduced and lead to an overall improvement of device performance. Addition of 1 % 

HDT to the P3HT:PCBM blend reduces the ridge height by 49 %. The OPVs show 

improved performance (Table 7.2) with a 27 % increase of JSC. For the 2 % HDT, the 

ridge height decreases by 74%. This set has the highest efficiency and its JSC shows a 

significant 63 % increase when compared to that of the pristine OPV set. For the 3 % 

HDT, the ridge height further decreases but randomly dispersed isolated peaks are also 

developed in these films. These isolated peaks results in the decrease of the device 

performance with 3% HDT even though they are still better than the pristine OPVs.  

We note that the central flat region can be used in organic photovoltaics despite 

the ridges formed; indeed this structure is advantageous as the central region is extremely 

flat. The ridges are formed due to outward capillary flow caused by enhanced evaporation 
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at the edges [29] and can be suppressed using dual solvent systems with different vapor 

pressure [30, 31]. In dual solvent systems, the vapor pressure difference between center 

and edges that causes the outward capillary flow is reduced because the concentration of 

lower vapor pressure solvent is higher at the edges due to faster evaporation of the 

solvent with higher vapor pressure. However, these systems usually lead to the film 

formation with a dome-shaped profile which is not ideal for photovoltaic devices which 

requires a thin uniform thickness of the active layer.  

Control of the nanomorphology of the photoactive layer is usually achieved by 

annealing treatments which adds an extra processing step. The use of additives presents a 

simpler route to enhance phase separation and improve performance of OPVs. The 

addition of additives also leads to slow evaporation and reduced ridge height in the 

printed films. The balance between optimum percolation pathways and optimum domain 

sizes can be precisely controlled by use of different concentrations of the additive and can 

be optimized to achieve the best device performance. The 2 % HDT devices give the best 

performance (PCE 1.46 %) comparing to solvent annealed pristine OPV devices (PCE 

1.08 %). Thus using modified P3HT:PCBM blends containing high boiling point HDT 

additive can act as a substitute for critical post-annealing treatments.  

7.5 Inkjet-printed OPVs on Ag-PEN Anodes 

With the knowledge of the inkjet-printing parameters and optimized additive 

concentration, we can now fabricate OPVs by printing on Ag-PEN electrodes, a truly 

flexible substrate showing no damage even under extreme bending [3].   
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7.5.1 UV-Vis absorption  

UV-Vis absorption spectroscopy is used to probe the electronic structures from 

which morphological changes of the active layer of the OPVs are inferred as reflected by 

the changes in their optical properties. It gives us an insight to the aggregation and degree 

of order of the polymer chains. Figure 7.10 shows the final absorption spectra of the 

photoactive layer as obtained after subtraction of the UV-Vis spectra of the reference 

PEDOT:PSS coated Ag-PEN substrate from the spectra obtained after depositing the 

active layer onto the reference substrate. There are three notable peaks in the visible 

region are attributed to P3HT which acts as the chromophore. The UV-Vis spectra of 

spin-coated P3HT:PCBM film deposited from dilute solution using CB as solvent 

displays a broad absorption peak centered at ∼ 480 nm (2.58 eV) linked to the intra-

molecular π–π* delocalized (HOMO–LUMO) transitions. The spectra of the inkjet-

printed films display a bathochromic shift in the absorption wavelength toward 520 nm 

(2.39 eV) [32]. Enhanced self-organization of P3HT into a π–π* or interchain stacked 

assembly, with the long 1-D polymer chains oriented in lamellar (2-D sheet) structures 

results in longer conjugation lengths of the chain segments, delocalizing the wave 

function of the conjugated π electrons and shifting the absorption spectrum to lower 

energies [33]. Since the films were fabricated under the same ambient conditions with no 

post-processing treatments, the observed red shift can be attributed to improved degree of 

local order of P3HT chains (increased optical π–π* transitions). 
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Figure 7.10 UV-Vis absorption spectra obtained for P3HT: PCBM thin films (The spectra have been 

normalized for comparison). Inset is a magnified view depicting peaks #1, #2 and #3. 

Printed films also display pronounced shoulders around ∼ 550 nm (2.25 eV) 

and 600 nm (2.06 eV). These shoulders are often attributed to the 0–1 and 0–0 

transitions respectively; however their assignment is under debate [34, 35]. The 

intensity of the absorption feature at 600 nm is dependent on the degree of interchain 

order in the polycrystalline domains of P3HT. The increase in the prominence of this 

feature observed here corresponds to the improved packing order of the P3HT chains 

[34]. Less well-resolved fine structure in the spin-coated spectrum can be attributed to 

an inhomogeneous broadening of the electronic π–π* transition caused by a relatively 

wider distribution of conjugation lengths at a lower mean length due to limited 
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crystallization of P3HT. The spectral features become clearer for the printer films and 

indicate increased degree of ordering. These features are most pronounced in the case 

of printed films with HDT indicating that the degree of interchain order is greatest here. 

The absorption spectrum for the printed film with HDT closely resembles the spectrum 

obtained from a solid state film deposited at low temperature (30 °C) from a dilute 

solution of regioregular P3HT [36]. Solvent evaporation during the thin film formation 

at low temperature enables the P3HT to self-organize and form well-ordered planar 

phase with long conjugation lengths. The more prominent peaks in the absorption 

spectra are correlated to a more crystalline blend [37, 38]. This indicates that the 

addition of HDT has resulted in a higher degree of ordering of the P3HT.  

The HDT additive has the ability to selectively dissolve the fullerene 

component, whereas the polymer is less soluble [18]. Also, the difference in the boiling 

temperatures of the host solvent and the additive ensures that CB will evaporate faster 

leaving behind the fullerene in the dissolved form in HDT. This facilitates phase 

separation between polymer and fullerene and allows the polymer to self-align into 

two-dimensional sheets by means of inter-chain stacking. The bathochromic shift in the 

absorption wavelength and the changes in the low energy spectral features in the 

printed film with HDT can be attributed to enhanced degree of interchain order in the 

microcrystalline domains of P3HT. 
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7.5.2 Electrical characterization  

 

Figure 7.11 J-V characteristic plots comparing performance of inkjet-printed and spin-coated OPVs. 

Inset: Schematic of a flexible Ag-anode OPV device structure. 

Shown in Figure 7.11 is the J-V characteristics under illumination of all the 

devices and the summary of the device performance is tabulated in Table 7.5. The 

pristine devices fabricated by printing without any additive show the lowest PCE (~ 0.1 

%). Heat treatment at elevated temperature (above the glass transition of the polymer) has 

been reported to induce reorganization of both polymer and fullerene phase which leads 

to improved structural rearrangement of P3HT polymer chain and PCBM molecules [39]. 
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After thermal annealing treatment of the printed OPVs, the PCEs show slight 

improvement to 0.17 %. In contrast, the devices fabricated with the additive show 

significant 4-fold improvements (PCE 0.6 %) comparing to the unannealed printed 

OPVs. A control P3HT:PCBM spin-coated cell is used for comparison showing a PCE of 

0.62 %. Inkjet-printed device with an active layer of P3HT:PCBM containing the high 

boiling point additive HDT demonstrated device performance comparable to that of the 

spin-coated OPVs (with areas of the all the devices ~ 45 mm2). The efficiency of the Ag–

PEN devices can be further increased by optimizing the transmittance of the Ag–PEN 

films and also by using interlayer materials such as Ca or LiF between the photo-active 

layer and the cathode. 

Deposition 
Method 

Treatment Efficiency 
(%) 

JSC 

 (mA/cm2) 

VOC 

 (V) 

FF 

(%) 

Printing 
No Additive,  

No annealing 
0.11 ± 0.03 1.97±0.36 0.21±0.05 0.27±0.01 

Printing 
No Additive, 

 Thermal annealing 
0.17 ± 0.03 1.49±0.25 0.35±0.03 0.32±0.02 

Printing 
2% HDT, 

No annealing 
0.60 ± 0.07 3.02±0.20 0.46±0.04 0.43±0.01 

Spin-coating 
No Additive, 

No annealing 
0.62 ± 0.15 2.48±0.16 0.55±0.05 0.46±0.10 

Spin-coating 
No Additive, 

Thermal annealing 
0.73 ± 0.17 2.57±0.39 0.56±0.05 0.50±0.04 

Table 7.5 Characteristic device parameters of the inkjet-printed and spin-coated OPVs. Thermal 

annealing was done at 150 °C for 5 minutes 
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7.6 Conclusion 

Bulk heterojunction polymer solar cells have been prepared with an inkjet-printed 

active layer of P3HT:PCBM layer on top of ITO-glass and on thin Ag-planarized PEN 

electrodes. For optimal active layer morphology, a cheap, non-toxic and high boiling 

point additive, HDT is added to CB. Addition of the high boiling point additive results in 

a significant increase in the device performance, comparing to the devices prepared 

without the additive. A detailed study of the topology is carried out to better understand 

the parameters governing device performance, providing optimization guidelines for 

formation of active layers using inkjet-printing. This is critical in inkjet-printed films as it 

unique deposition technique does not allow the results developed for spin-coated films to 

be directly applied.  The profilometry studies of the films reveal a striated morphology 

with the peaks heights of the films deposited with HDT is significantly lower than that 

without HDT. The addition of additives reduces the ridge height in the printed films. The 

concentration of HDT is optimized at 2 % which gives the best performance with a PCE 

of 1.46 % for ITO-glass OPVs. Using modified P3HT:PCBM blends containing high 

boiling point HDT additive can act as a substitute for critical post-annealing treatments 

which add an extra processing step. We further replace the ITO by a stable, flexible thin 

film Ag electrode as well as a demonstration of printed OPVs on Ag which are 

comparable to that of spin-coated ones.  
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8. Conclusions and Further Work 

The main objective of this dissertation was to develop a fully printable, flexible 

plastic solar cell and understand the process involved. This problem was addressed in 

different ways: replacing the brittle anode, ITO with flexible alternatives, developing 

inkjet-printing as a viable deposition technique for the active layer, investigating the 

effect of relevant parameters on the opto-electronic properties of the active layer and 

finally, incorporating our results to fabricate a flexible OPV with inkjet-printed active 

layer. 

8.1 Development of OPV Device with Thin Metal Film as Anode  

Transparent conducting oxides were introduced focusing on the most common 

OPV anode material, ITO. The notable drawbacks of ITO are presented and the need to 

find a viable alternative anode with improved properties is stated. Thin thermally 

evaporated Ag or Au films have been presented as viable alternative electrode materials. 

The challenge of attaining a thin film that is at least as conductive as ITO whilst allowing 

light to reach the photoactive layer was resolved by the lower sheet resistance of the 

metal films. The Cr-Au anode OPV is almost as efficient as the standard ITO device, 

having very similar fill factors despite the difference in optical transmission [1].  

Nevertheless, the challenge of Au anodes lies in the deposition of a uniform thin film 

without the sporadic spikes. Surface morphologies of Au films, as revealed by atomic 

force microscopy, show sporadic spikes in the evaporated film which may provide shunt 
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pathways and limit device performance. The next best choice was Ag, with it being the 

third least reactive metal after Au with the added advantage of having the lowest 

resistivity of all metals. The Ag-PEN films were found to be very smooth with a mean 

surface roughness of 2 – 5 nm [2]. The performance of OPV devices developed on PEN 

substrates evidenced that Ag anodes have potential as flexible replacements for ITO, 

having applications on designs of OPVs unconstrained by the flat panel architecture.  

8.2 Investigation of the Effect of Printing Parameters and Annealing 

on Organic Photovoltaics Performance 

Inkjet-printing has been demonstrated as a solution dispensing tool being both 

precise and versatile. The challenges of using this technique for fabrication of organic 

photovoltaics originate from film formation by inkjet-printing is different from the other 

conventional film deposition methods in several crucial aspects. Inkjet-printing is formed 

by sequentially printing lines or dots that dry to form the film. Even though 

morphological studies have been done on spin-coated or doctor-bladed photoactive films, 

the results of those studies cannot be directly transferred to the inkjet films, and this 

presents unique challenges. The results obtained in this chapter represent important steps 

towards the better understanding of the inkjet-printing process of polymers for OPVs.  

Fabrication, electrical and optical characterization of inkjet-printed OPVs is 

explained yielding promising avenues of research for the future. Some commonly used 

printing patterns used to deposit the active layer and its efficacy were tested. It is seen 

that when multi-array (MA) or multi-layer single array (SA) patterns are used to fabricate 
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the active layer, device performance is poor with efficiency less than 1% [3]. In contrast, 

a single layer SA print pattern is found to be more suited for the fabrication of OPVs. The 

OPVs fabricated with the single layer SA films gives an average efficiency of 1.29 % as 

well as the most consistent performance. Profilometry studies of the films are used to 

study the film morphology and it is found that the percentage of thin printed regions (for 

optimum exciton extraction) is highest in SA pattern and thus, it gave the best 

performance as expected. UV-Vis spectroscopy is also used to provide further insight 

into the film morphology. The effect of different annealing treatments on the efficiency 

of the OPVs is investigated. Optimum annealing condition for the printed OPV is 

determined to be solvent annealing at 60°C, giving an efficiency of 1.99 % for the single 

layer SA devices.  

8.3 The Fabrication of Inkjet-printed Organic Photovoltaics on 

Flexible Ag Electrode with Additives 

A simpler alternative route for improving BHJ nano-morphology comprising of 

the incorporation of a small volume of high boiling point solvents into the photoactive 

blend gave promising results. For optimal active layer morphology, a cheap, non-toxic 

and high boiling point additive, 1, 6-hexanedithiol (HDT) is added to solvent 

chlorobenzene (CB).  

The addition of the high boiling point additive results in a significant increase in 

the device performance, comparing to the devices prepared without the additive. A 

detailed study of the topology is carried out to better understand the parameters 
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governing device performance, thus providing optimization guidelines for formation of 

active layers using inkjet-printing. The concentration of HDT is optimized at 2 % which 

gives the best performance with a PCE of 1.46 % for ITO-glass OPVs. Using modified 

P3HT:PCBM blends containing high boiling point HDT additive can act as a substitute 

for critical post-annealing treatments which add an extra processing step. We further 

replace the ITO by a stable, flexible thin film Ag electrode and demonstrate printed 

OPVs on Ag-PEN with performance comparable to that of spin-coated ones. The 

reported fabrication of OPVs, produced without ITO and spin-coating of the active layer, 

is a significant step towards a fully printable, flexible plastic solar cell with a potential for 

mass production.  

8.4 Further Work and Future Directions 

As various uses are found for organic semiconductors and their market continues 

to grow, inkjet-printing will become more critical in the manufacture of niche electronic 

devices and beyond when efficiencies reach and match those of silicon, the main energy 

market. This work aimed to improve understanding of inkjet-printing process of polymers 

for OPVs and it was demonstrated that the print pattern, annealing conditions, substrate 

temperature and evaporation rates play a vital role in the printing of organic layer for 

OPVs. This suggests a careful management of these parameters is critical in the 

fabrication of quality organic semiconductor films. The interplay between inkjet-printing 

parameters and the morphology of inkjet-printed films was studied using profilometry. 

However, the changes in the morphology with the incorporation of additives need to be 
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investigated more and are not fully understood still. To fully exploit the technique and to 

expertly control it for technological application a more complete knowledge base is 

required. 

The high mechanical flexibility has been a major advantage of OPVs since it 

enables processing using flexible substrates [1, 2]. Demonstration of flexible metallic 

electrodes is a welcome step forward in the quest for improved mechanical properties for 

anodes. In addition, the deposition of organic layer by inkjet-printing will allow more 

freedom in the design of innovative OPV architectures. Novel architectures focusing on 

orienting the OPV vertically to maximize the photon trapping and enhancing 

performance have been reported by our group [4-6]. The photoactive layer(s) of the 

vertically oriented OPV needs to be deposited around its circumference. To exploit the 

complete benefit of such structures, more than one wrap of the photoactive layer is 

needed which requires a deposition of long homogeneous strip(s) of accurate dimensions 

only attainable by inkjet-printing. The tight control afforded by this deposition technique 

can allow for seamless integration of serially connected devices utilizing different active 

layer materials permitting the realization of a vertical tandem device. A traditional spin-

coated tandem OPV device is severely limited in the choice of organic materials due to 

issues of solvent compatibility. Typical organic materials are soluble is a range of 

common solvents and the challenge is of limited options regarding suitable industrial 

solvents.  Targeted deposition of organic materials can overcome this roadblock and 

potentially opens up a vast choice of organic materials which can be used in combination. 

The use of additional active layer material combinations will allow for a greater spectral 
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overlap of absorption with the solar spectrum and is ideally suited for the development of 

vertical tandem devices. 

Ionic batteries have been fabricated using inkjet-printing and work is ongoing to 

combine the batteries with OPV on the same substrate. This is in collaboration with Dr. 

Thomas Sutto [7] at the Naval Research Laboratories and may provide thin, flexible 

printed storage devices and cost effective printed power sources. 
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